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‘1’hc exploration of the solal sys(m  II 11:1; ])1 (). ic(icd ill scvcrtil phases beginning with flyby
missions, procccding,  to orbikrs,  tllctl It) ~)1 L )tm aIId landers slid fiilall y mobile vchiclcs
that operate on the surface aIId ill it ~ aIIII (Jsphcvc. lk)r tlIc most acccssib]c planetary
bodies, Venus and hlars,  wc arc IIOI\ (111(1  it)g  Lhc. pha,sc of n~obi]c  cxploraticm  of the
surface and atrnosphcrc. ‘1’his iXtlll’1  i ( co[l~x’wm(i  vifilh  thr usc of robotically-contmllcd
and autonomous balloons - am obots - iil)[l III:’ ir U.SC iII pltinc.tary  c.xjdoration.

Ckmccptual  designs of acrot)ots  ~iil)~l I II: o! VCI (i(al n~ohility it] p]anctary atmospheres
using altitude control systcn]s aI (’ (1 I wLIss I.’d. ‘1’IIc  usc of prcvaiting  wind pat(crns to
enable global exploration is :Ilso ().iltllill~,l. I;nlpllasis is l)laccxl  on the discussion of
approaches to autonomous navij!aiio]  I j (JI ;l~.hicviny,  dcsi~cd  ]at itudcs  and ]ongitLldcs in
planetary atmosphcm  using, (MI-  IKEII ii f Ii:ll L dynalnic  niodcls  and a combination of real-
time scnsoly  perception (surf:t~x’ II. )J )(}{?,I  i{ j d Iy, balloon  state and almosphcrjc conditions)
and pc.riodlc indcpcndcnt posi[ion  II]Kj :111’s.

‘1’hc design of a planetary am obot trst I v,l \,lliclc  is dcscribcd  wllic}) will conduct a series
o f  tc.rrcstrial tcchno]ogy  clc[ilo]ls[l  ,ItIL)IIS which: 1) move gI aduall y from manual
tclcopcratcd  control of Ihc I obol ic ~’cl~itl(.  to flllly autonmi]ous al(i(udc  change and
landings; 2.) achicvc incrcasinsly  1(111}’ I ittlj’~’.  mobility from widcl~  separated launch and
landing sites (first prcdictcd  siks f’oll,)wd  I]y dcsif’,llatcxl  sites). J’hc missions that may
usc this tcc.hno]ogy  include. I)otll  s(’i~tl[~t’~calty  Illotivatcd  ][)issions  and technology
demonstration oppmlunitics a~ VCI 111s., h’1 Ms. ‘J’ItaII and the outm plallcts.

At the Jet Propulsion l.abortit(.uy (.11’J ), W( arc Iiou’ involved irt p]annitig  and developing
tcchno]ogy for the next phtiw  O( ]Ili II II.(a ~ Y C.X])1OI ation usi]ip:  buoyant vchiclcs. This
phase will draw on the tcchliic;{  I I’xlwl I(ncc of earlier II]]ssions but will employ
tclcrobotic and autonomy tmlllml~)[’,iis  10 ( ontrol  nlotion  in all ttlrcc dimensions. ~’here
arc significant parallels in tlw.sc SYSII.V I IS I (I thl’. cnj)abilitic.s lice.dcd for mobile surface
vchiclcs. IIowcvcr,  there arc. also ~i[’  I ii fl(il II( ncw  cllallcmj!,cs  it) atmospheric exploration
that demand distinctly diffcrc]lt  al)ljI ~);IclIc$

)

‘1’hc original motivation for d(vcl(q}il I II Illi. IKWI class of buoyailt  vchiclc was to advance
the c.xp]oration  of Venus. l~ollov,itl~!”  [lIr L ~plorati(m  of’ ttm surface. of Venus by shor(-
livc(i  Soviet landers and the Vcf,a IM1 lo~)IIs, 11’1. cal  I icd out the Maj!,cllan  mission, which
mappc.d tlm surface of VcIIus u,~ili~~,  1 a( 1:11 WJISOIS. ‘J’}m rdal I cvcalcd  a surface with a
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great variety of structural al}d vc)lcaoii;  l[:lturcs. ‘J’hcI c. has bum no clear pathway,
bowcvc.r,  to follow up the h4a~c]]:III  JII iss;ol  v’ith a ]f)ng-]ivcd ill situ mission.

Venus, ltar[h’s estranged sistl,v 111:111 ([, )I;I \ a dcIIsr. atmosp}wm: cxcccding  92 bars in
pressure an(i surface tcmpcra~ut  I.JS ill cxcc.~ of 460”C  (733 K). Its surface is obscured
from view at visible wavclr.ilg[l)~  tty IIi}’li-altitude ham: a~ld clouds as W C]] as the
molecular scat[cring of the clcaI al[llt~sj]ltt~[l’  bclwatll. ‘1’hc So~ict  Vcncra landers were
able to function for ICSS  than tww lI<NII,. {,xp,)scd to t}Ic hig}l-tc~il])cratur~~  environment on
the Venus surfidcc.  With a(ivalu’xl tlIIIrIIal [cc}]niqur.s and the LIW of vacuum insulation,
it may bc Jmssib]c  to cxtcn(i  SUI I’acLI  II l[c~ill~t’  to a few days. M UCII longer ]ivcd systems,
howcvc,r,  will require radioisolo~w  imwcI  ~ I Id tcl]ipcl aturc COIIIIO1 sys[crns which will bc
costly and present Earth cl~~’it~)llil~rllt:{  I c L)II(~’.I IIS.

An acrobot on the other hand  CaII I UI II I}IC (’ilvirt)~]l~~cl~tal  challenges of Venus to
advantage. ‘l”hc Venus l~lyc.1  1<01)01  (\)] ‘J{) corrccj)[, conccivcd at J]]]. in 1993, could
make brief excursions to the. hot SOI Iwc (,.ni i] (mr-Icm of VcIIus to acquire data and return
to higher altitudes to cool dovv I atld 1~:.11,’1)  I,,[cr tllosv. data to all od)iting relay station or
dircclly to liarth. ‘J’his concc~)t  ttik(>s  ii(ly~i}  l(ii~c  of IICW tcchno]og,ics  in lightweight and
]Ow-power ck’ctronics  and jI)S~J’Ll)Jl(’llt\  fiIr  I t lvc.rs that were (icvc.]opc(i at JPI.. I]owcvcr,
in the. case of the Venus acro}ml, IIIC al [1’il Iule.s of low power and mass arc even more
critical.

I’hc need for a lightweight payloa(i atl(i cLIIItrol  systcm  011 an aw obot is obvious. I’hc
need for low power is also apjml  (..IIt; hut fCII Venus  ~xplor:ition,  it }~as a significant ncw
dimension. ‘1’hc lifetime of a tlwr 111:111~1 il~sili~tc.d  g,oll(iola  ill tbc Venus  ]owcr atmosphere
is limited not only by heat ]c.aks frOIII thc IIigll-tclllpcratlllc  c.nvironmcnt,  but also by
power dissipated by the clcctroni(’s. ‘1 ‘lIc lmwc,r I (Squirc(i for inforlilation acquisition
systems can bc rcduccd  Substall[ial l)’. 1 I( )V (vcr,  the power for collltlltll]ications  systems
is beginning to approach thcxm;tical  lil I Iiti :. I)LI rnusi t)c much laI gcr. Ilcncc  a strategy of
acquiring data near the surfi~(c aII(i tl:l{l[i([(,.rirlg,  it from a hi:,hcr altitude, where it is
cooler, makes practical .scnsc..

Although the original motivatio~l  fo[ Iht: acrohot was for Venus exploration, these
vchic]cs  arc becoming rcco~ili?,cd i{~ [ N IWC I (u] tof~]s for exploration of a]] planets with
substantial atmospheres. Wl~iic  II)C s)Iort livcti mltry J)JobCS to bc deployed on the
(~assini and Galileo missions S:III”I])I{)  tllc  1)1:1 twtary a[inospbcrc  at oJIly otic p]acc and onc
time, long-lived acrobots can tiruulll]lti v i~,;{ l,’ tbc ])laIict maIIy  liinr.s, change altitude and
access different latitude zones. l]la III.h[,IIy a( I ~)bots r(’.lmxscn[  the same, kind of advance in
exploration potcntia] OVCJ sit)g,lc sht)t ctI II y probes that planetary orbiters bear to
planetary flyby spacecraft, “1’iwy aI ~ a 1s( I crl)’,;ig,in~,  IIlission concepts that will capture the
imagination of the public by tll~;ii :{l)i I i[)! t(l cxploIc. }~ithe.r[o  iIlacccssiblc  regions of our
solar systcm.

l!ight solar systcm bodies have suij ICIrIIL atmospllcrc  f(w cxploIation  with buoyant
vchiclcs.  “1’hcy  include the fou! II~a,ioI i IliiIJC [i - Jupitl:r,  Satu[-n, llranus,  and Neptune; the
three terrestrial planets - ];alih,  \lCJ)IIS,  fiII(l Mars; and ‘J’i[all,  the satc]litc of Saturn.
Acxot)ots  arc lighter-than-air VCII i(l(s (hit  t include a ])1 itnai y buoyancy systcm for
supporting the mass of the s(.ic.rlti  IIC ~layl<)ad,  coJ~lJ~]u]licatio]ls,”  an(i H c]oscd-systcm
rcvcrsiblc-fluid  buoyancy  -co]itr~~]  syst(”m. IJI this section, WC. drscribc the primary
buoyancy and t)uoyar~cy-coI~tlt)l  a])i)I (la~.l)t:~  app] ica,b]e, to exploration of the eight solar
systcm targets. A series of 1 iaIIh LiCIIIOIISl  I a: Ions of l~’.vcrsib]c-fil  li(] buoytincy  control that
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were conducted during the lasi yca I +{1~.  iIls’.I  di.scusscd. III additiml,  the method by which
buoyancy controls altitu(lc and (]]itl}lr..~  h [lri:~~mtal  nlol}i]ity  is dcscI ibcct.

Prinlarv 13uQ.yancy  s.mtcnl~;

Although heavier-than-air vchic](”s I Ia JC t wc.n col Lsidcrc.d fm ])lanctary  cxploraticm,
]ightcr-than-air  vchiclcs have ckv+I a(iv;)ll[.lpcs. I;il st, the.y arc. nluch  more suitable for
long-duration flight bccausc tlwy C::II  rl’11  IaI II alof[ t~ithout  colisuilling  energy. Their lift
(icrivcs from the displacement t;i’ t} II: ;I II I los;~hcrc  l)y a ]ig,htcr gas ill a balloon cnvc]opc.
}lcavicr-than-air  vchic]cs,  in C(~IIII ail, II) ost y,cIwI a te .  lif[ by co~lsuming  significant
amounts of energy. For a loIIj:, dLII i~~i[)r! a[’I ovchic]c,  a rcnc.wablc.  soutcc of energy such
as solar power is nccdcd.  Sol:~I  -pt)vJcI c<I 8(I ~>vclliclr.s  have, bccII examined for operation
at Mars. Solar-powered aircl tift III i{:ll II ;Ilsf~ ~)pcra[c  at VCIIUS above. the cloud layers but
would  bc unahlc to pcnctrah: III( (1:.r~) a I Iliosl)he]  1:, which is tllc rc.gion of primary
intcrc.st. lkw the outer plancls  an(i ‘1’il ii Ii. ~I,i., IOW~ Solai il]tcllsi(ics rcndw  solar-powered
aircraft impractical.

“1’here arc two general appro:t(~llc.s  ttl it IV I tl~al y buoyancy SySICIII fm lighter-than-air
systems: inflation with a gas tll:+[  is i III ICI ~tI[ ly ICSS dense than tlm SUI I ounding  atmosphere
or inflation with gas from the SLI) 10(II I( iill~’ iitt~)osl)ll~t~.  WIIIOSC  tcmpcl aturc is raised to
lower its density.

l.icht  Gas BUQyancy: Mars, \?cI~LI  s,. :IIICi ‘J It an al I IIavc solid sLlrfaccs  with atmospheric
pressures ranp,ing from less than 1 ‘/{~ (If tlIa I of lhc 1 :tirth to 1(K) tiinrs  higher (at Venus).
l.ikc  l~arth, these atn~osphcm”.s  ail’ c(I~IIl)I i~u(i  priniarily of carbon dioxide or nitrogen,
which have comparativcl y la] }IXY IIIOIC,II1 aI f~’cig,tl[s  that dcmrniilm their inherent density.
lnftating  the primary balloon  with a IL:I ~’ 1( Iw-dcllsily  gas SUCII as hcliutn  or hydrogen is
practical. Ammonia or watc[ ar~’ ii] w) s:lti<l  ado] y ill the dcns[:, l~igll-tc.l~~pcraturc  Venus
environment.

IIot  Air Buoyw: T’hc bifpcst  lJI~d~lcIIi  with f]ying, li@t gas balloons at the outer
plane.ts is that their atmosphrl  cs 2 IL doII~ Il)atcd  bv tbc ligbtcst known gas, hydrogen
(’J’able 1). A rcccnt study at Jl>l ~ lIa I; SIIOWII that ~ust floatill~,  a 1 okg payload in the
Jupiter atmosphere (without aIIy buoy, IIILy lontl o] systcm), would require about 1000 kg
of dclivcrcd  entry mass, includill}~,  I III(’ II( Lc.sstiry II ydro~:cn, CI yog,cnic supcrprcssurc
composite tanks, phase change aTIIII 101 Iia flII id, balloon cIIvclopM,  entry ~nodulc,  etc.

‘1’able 1. Abundalicc  of ])1 illlfir,  spccicx in the outcl atmospheres
(}1 III{’ fiqtllt  plalwls
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By definition, a buoyant gas mus[ l):: 1(,ss di IISC than the sul~ou]~dii]g,  a[mosphcrc  in order
to displace enough air to provide tlI~’ Ii f[ Ilccc.ssal  Y to f]oai a balloon envelope and
gondola. Onc method of achic~~ill~’  tlI is IOIY (iwlsity ‘is by hcatillg,  ambient atmosphere.
Ilcating  of ambient air can hc a(oOII l]Jli.sliL:d  by I)ur[llng a fur.], as in the case for
rc~rcational  hot air balloons; aj)plyinl sI. )laI l’IIcrg,y  to the balloon ctlvclopc,  which heats
the internal gas; or by trappillp  il~(l tII ~d (11:) radiati(m,  inside a ballooII  cnvclopc which
acts like a p,rcmhousc. On l::lr[tl, \r{IILIS  :IIId the. outer  l’lancts tllcrc is sufficient II?
radiation upwclling  from lhc both.r SI.11 au (m IOVWI atniosp}m  c to supporl a properly
configurc,d balloon. Such a lNIllo<~II i; (.all,,d an lnfta~cd  h40nt:,olficrc.  (IRM) after the
]kcnch originators of the hot ail I)al 1001)”,

l’hc outer part of an IRM upper IIc.[lliy]lm L’ of tlm balloon is nladc. hig,hly  rcficctivc  to
infrared radiation; the innc[ surfw”c }lli)f,l~l~ absorptive.. As a ]c.suit, infrared radiation
from below is absorbed by tlIC lIal II.)(III  aII~ ! ~aiscs  the tctnjwratut  c of tllc cncloscd gas.
‘l’his concept, which originate.d in 1 ) ;IIIC( it~ the infl arcxl Mon[g,o]ficrc  balloon, has been
demonstrated on the }{art}~  in a SC I ir.s of f I ip,hts (h!l alatcrm, 1993).  lixploration  of the
outer planets to pressures grcat~;I  tlIa II 1 [~ 11.11s, whcI ~~ tcnllmraturl’s arc in the vicinity of
300 K appear feasible; mcasul~u~lrllls Jllad!,” hy the (ialile.o clltly  probe when it enters
Jupiter later this year may confirm its i I..O  sibi lity fw lllat planet.

J}>l, studies have shown that a VCI > p[-t~lili.~il)g,, li~’,llt wci~~,ht  controllable balloon systcm
using planetary radiation hcatinf.,  aIULaIs qllilc fcasil~lc  fo] the o~lt~l’ gas Planets> as well
as for Venus. q’hc tcchno]ogy  is t)i~~(l  on a ]Ilodificatioll  of a design that was
demonstrated by a series of 30 i II(”I  i it L’d M ontg,o] fictc balloons flown in the Earth’s
stratosphere in the 1980s and 199(1s bY tlic. 1 I cnclI space. agency (;N} 1S [ 1]. I’hc balloons’
upper surfaces were aluminized to III;I lilrli~~ tadial~t l~cat loss to space, while their inside
upper surface was blackcncd  (?) to allsoil~  I ;+diati(m  heat from the. lower, warmer Earth.
‘J’hc resulting hcatinf,  of the hall(x~ll’s  illtcri  Ial ail allowed missions with 50-kg payloads
that lasted up to 60 days :IIId L.11(  il (’lc.i the, ~lobc+ ‘J”hc FI cnch used the name
“Montgo]fic,rc”  for their hot-air ball~~olls , si II(C it ~vas  the. Montg,olficxc hrothcrs who Jlcw
the world’s first hot--air ballo(ms  (h(;lt[d  I IS hul nitl~ wood) in liancc  during the 18th
ccntul’y.

Rcccnt analysis has shown that ]Ilfr til ~:.1 (, I t<) balloon hcatinp, tcchno]ogy appears very
relevant for missions to the ~,ial)[ /I;Is pla II.[s (Jupilcr, SatLlrn,  111 alms, and Neptune) as
WC1l  as to Venus. The inctcwscd  tx)I Iw.wt I i’c hydrogc.n coolin~~,  of the outer gas planet
balloons appears to bc molt thtt[  I cOI IIpC  I lsatcd hy the. incrcascd radiative (which is
portional  to ‘J”4) heating from the IO WI(II a Itil IIdcs of tlIc hot ~,ascous  planets, thus allowing
operation at altitudes of ah(~u[  1 b;~[ tiIIIl ]owc.r. A sketch of the l~rcnch lnfrarcd
Montgolficrc balloon systcm is SIIOUJI I ill 1 ‘I IIUIC 2. ‘J’he lower paIt of the balloon is clear
mylar or polycthy]cnc,  whic]l  all(~w~  IIIC H.arth’s II< radiatio)l  to pass through and bc
trappmi by the blackcncd (?) illtm 101 ol tl)~ bal]ooll’s upper pol-liml.  ‘J’hc trapped air is
thus warmed significantly al)i)vc th{: 1 :ii I Ih’s col(i st] atosphcre  tmpcraturc.  Typical
altitu(ics  at taincd  (rcprc.scnte.(i by IL’.d u, ‘c d ]) I ~:ssuI  L’) aT c shown in 1 ig,urc 3 as a function of
time of day (Iowcst  at night) aIId c1OU(I  (OW I (hi~,llcl  ali)cdo).

Table. 2 summarixcs the prcfcl  I c(I III, a I IS L ~f prilnat  y buoyancy foj planets which have
atmospheres which can suppoI ( b;,il I(NJI IS ii.])t,i ihcil  ]Myloa(is.

“J’able 2. l’rlIf’trILJ  hl(.,ills  of” }’I itnary Buoyancy
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}hmya-llQy_CSJIJrQl using  RQvcl.sjtllc  ,1 I \lici$;

Acrolwts designed for’ long, - t(:J III ()] 1~.I ,~(ioii  III ])lallctary  aflJ”loS])]lClcs  ]c(luirc nicthods of
altitude control that arc both CIWI ~ ~’ c ff’i~”  icnt atld illvolvc, ~ninimal  cxpcnditurc  of
cOnsUlnab]cs.  For p]anc~s W]liC]J ]lH\’1: I ~ 01 ~[wphcic  atttlosphctt’s  (Iikc found at Venus,
l~arth, Titan and t.hc (lutcr  l)lai)cls), a ~:lI~stJ,l  sys[cm rcvcrsiblc-fiuid  balloon can usc the
natural] y occurring at mosplmric L(..’.llljli[,llllll  [’ dcxrcaw with incrcfising  altitude to drive a
heat engine, providing the mcchalli(al  tvi,.f g v Ilccdcti  for altitude. dlan~,c..

A rcvc.rsiblc fluid is either a gas oi a lii,]llid,  (ic.pcldill~t  on prt~.ssurc and tcmpcraturc. It is
this phase change which can bt~ uw{i t~ 1 (())i[! ~d the. buoyanry  of a balloon systcm.  When
the rcvcrsihlc  fluid is in the. p,as plIav, IIIC llalloon  Ims a Iowcl avcxag,c density than the
surrounding almosphcrc thus ~~mvi(iill~’,  it IJ(I inci~.as!.! in lift. (’onvcrsc]y, when the fluid
is in the liquid phase, the. ba]lootl  IJ2S H IIlf:hc,r  aw’raXC. dcmsi[y  than the surrounding
atmosphcm thus providing a n~~,a[it(  1 I f“[. 1 ‘,)’,urc I ill ustl  atcs tk concept of dual-balloon,
rcvcrsiblc-fiuid altitude contio].

in 1993, JP1, began cxplorilig  COII(X.]){S  fr.11 ;:chicvill:  troih the high,  coo] altitudes for
balloon oscillation, and the abilit}  [~} II Ill I ~~(:tsiblc fluids for balloon dcsccnt  to the
surface where scientific obscrva[~tu  1s C;U 1 t x. 11 lade. (Jol IC.S 1995), ‘1 ‘he. Jirsl cone.c,pt
considered by JP1. used a twoballtw[]  s> s[(’~11  with tlm mail]  balloon filled with helium
and tlm secondary balloon filled wi[il H r(I’CJ sib]c flui~i like mctllylcnc. chloride (heavier
than (;02 as a vapor). I’hc sysl,~tli  i< ci,sipIl [i to bc. lwmtrally  buoyan[  when about half
the rcvcrsiblc fluid is condcnsc(i.  Sm.1 t a tw \ 1( wn would cxhihit  fonxxl oscillations about
an equilibrium altitude of aboul  S(} kII  I ii{ V( I ILIS. llcsccn[ would hr. iniiia(cd  by trapping
the mcthy]cnc  chloride in a pll’.ss~lt~ V( I<SL.I  t ~.’for(’. the balloon dcscc.n(is  below 56 km.
The amplitude of oscillation is cxl}cc(r,i I() }~. a fr.w k ilomctr.rs  above an(i below the
quilibrium  altitude. Vapori~atioll  is clillallc  t’(i  below 56 km by usc of a heat cxchangcr
dcsigt 1, which prevents the sys(cnl f“l (JII I (~i[)l litig too low cvcIy  cycle. “1’hc high-altitude
oscillation pha.sc can bc u.scd to gctK~ att’ tl(.., [ ric~l cIItvgy  flom solar CCIIS, transmit data
to Earl}), and rcccxd  both clc.ctmni~:  pa(.k :I~L i and ])h:iw.-chtil)g  y-lJawd heat sink matcria]s
(c.R. wax) for later dcsccnts to ttlc st]) fw:t. ( )Lwninj’,  a valve. rclc.aws the E,as to refill the
secondary balloon causing the sys[L..II I I ) I L:[(II  II

AIJIJVAN’J’}IOF171’1.03’ & 1 JIS(’(; S!; I[)N
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l~igurc  1 Concc])t  of duo] h 111001,  rmwsiblc-ftuid  alti[udc cmltrol.

IJhasc chance balloon acrobo[s  )lad [)1 ~ vi,,iu~li  bccli  c~’aluatcd  fot usc on ~hc atmos~hcrcs
of Ihc outcl:’g:as  p]ancts  of Ju~)ilcl,  S’i\~lil 1 i, 11] ~ltlus, aIld h~c.pi unc 11]. A~nmonia  ap~cars  to
bc the. prcfcrrcd phase chang,c fluid ~iM .lLIl)ilI  ‘v and S:IturII, with d slabilizfition  altitude of
shout 10 bar, whik nwthanc ti]qwa{s 01)1 itll;]  I for Nc])tunc  (] () biil ) and III anus (4 bar).

Rtwasiblc  l-!l~lid Buoyamy. Cootrol  1 iI [Ii [ai(ii)ns

Al[hough  rcvcrsiblc-fluid altitude c(~rI[l OIS is :{n c.x(r[~f)r(lil~alily  powcrfu] tcchniquc,  it has
some limitations. Onc is its il]allilil:: K) II Iodulatc  the rate. of (ICSCCJI1  to a planetary
surface cxccpt by cvaporatin~  fl (lid. ‘Ill usc of val iab]c p,c.omctry  surfaces might
augment this capability by allowFiII[’,  :111 itl,tcasc ill ]Io]ninat dc.scent rate. A scccrnd
limitation is that rcvcrsiblc  fluid tit[it(ld( LI IIItrol oIIly worh in planc[ary troposphcrcs
where. tcmpcmturcs  drop with iIICI lw~itl~ al I I I Ildc. w~d whcrlk. rcvc.rsiblc  fluids can bc used
that change phase within the altitlldL~  r,:rljI(’ II1;I[ is to I)c explored. ‘1’Jlis  is the case for the
troposphcrcs  of Venus, liar[h, ‘1’i[ali,  :Ili(i  t I)(! outer planets. 1 lowcvcr, rcvcrsiblc-fluid
altitl](ic-coI~tl”(~l  techniques callt~o[ IN.. II s:d ~ II plaIIct:IIy swatosplIcIcs where attnosphcric
pressures arc. low and the tcl~]])c.]iit(t](.. {t,;il~~’,s  vcly  little witt] i]lcrt..asill~,  altitude, and can
even incrcasc. For example, tlIe  [Ilitl :IIIII(){])IICIU  of MaIs has IIO tmlmsphcrc,  in effect
prohibiting the usc of rcvclsibl<  fl u)ds Il)r al(itudc  control. Accordingly, other
aJJJwoachcs  to rcvcrsib]c al[itudc coltlt  ~}1 iilt ll[’.cdc. d, sucJI as rcwv sib]c c]lcmical reactions
with the atmosphere.

I{ol)oli(” l~illll  ~oll.<hpdt)ili!y

.MhL is mAc4dM’1

‘1’hc conccpl of robotic acrov(’l]ic]($  w ‘(WI I ~t )01” is a powcrfu]  jww approach to in situ
p]anctary cxploraticm. Wc ctistitl~!(listl  till zrob~)t fl (~m a conventional balloon when it
has mm or more of the folJowill~:,  ~“[,)IIt  (1 W1 a: trlis[ics:

1. “1’hc ability to autonomously ci(’t(:]nlin: i[s position, altitude, and velocity without
intervention from the ground  OJ l)y :+ SLI] Ij IOJ I S[)acccriif[.

(1
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2. ‘1’hc means of’ executing, cyclical alti[lldc  \r:i~iii(i~]~s  about  a mean allitudc in the
atmospbcrc.

3. ‘I-hc capability of controllillf  itlti[ll(l~  iil)( I cxccutilig  a dc.sigtlatcd flight path within the
atmosphere.

4. ‘1’hc capability of landin$,  ai a dtsifll:l[cd  swfacc  location.

By controlling vertical mobility, :1[.I(JII(JIS can select altitudes where wind speeds and
directions provide a wide ratlgc of’ 11(] i~o]lta] n~obility. ‘l’his is cspccia]ly trLw at Mars
and Venus where the occurr~.l]cc  ol” al [i (u(i. val ial)ll. wjnd ~,t adic~lts  c.nablcs near-g]obal
planclary access.

‘]’hc 1985 Vega balloon cx]m]inic]~ts  cI;l)lorLd the. VCIIUS lniddlc  cloud layer at 50-55 km
altitude. Vcr[ical winds WC] t’ fout~d I( 1 I),. larg,c.  (~~ n~/s) and variable, with turbulent
episodes lasting about an bout. 1 [ISI- tt~ WL ~1 avcl+’r renal winds of about 69.4 m/s for
Vega 1 and 66.0 ds for Vc~,ii  Y JVL.I (: d( LC( it’d. )WIII Vcp,a  balloons drifted about 11,000
km from the local n~idni@t  III(’I  i(li:il) ill(() the late morning, sky, carried by strong,
prcdominan[ly zonal cast-wcs[ wjllds.

Vega 1 initially cncountcrcd wcali so~ll~l~ti~l  d wil]ds,  which chal)f,cxi  to northward winds
later in the mission. ~’hcsi.  ])lrl idl[)li:il (nor[h-south)  w i n d s  l)roduccd  norlh-south
displacements in the Vcgti  1 t~ a~ct  it)] y ~liat  lwvcr cxcccdcd 50 km. ‘1’hc Vega 2
mcridjonal wjnds were consis(c]l[l~  11,)1 it)v. :~td with a ~tlcatl  vc]ocity  nc.ar 2.5 m/s ((lisp
ct.al. ] 990), which produced II 101(”  that) 4(.X J kIIi of displaccn~cllt  toward the norlh pole.

“1’hc  ~,onal (cast-west) wind ]~lo(ilrs  ;j< a i unction  of alti[udc sllowIl in Figure 5 were
obtained from the several Vc.n m ~)] (.)IJ<*.s  :1 i~(i landers (hdoro~  1994). ‘1’hcsc profiles
indicated that above 10 km al[itu(ir tllr]  ~ i~ a monotonic incrcaw  it! zonal wind velocity
with increasing altitude up to ]i~.fil th~ tl.li~ { ~f the. clouds  (- ‘/(l km). observed variations
among the different data SCIS  ~~~’ Jws~it Jls due. to variations i]i Jmobc entry position,
according to the local time of day ()]] ‘\~t’ilL)  i, anti Iht.. phase of a wave motion that circles
the plarmt wjth a 4-day period. ‘J’]lLX( \itliil] ions illustrate the. need for bct[cr information
on the global atmosphcrjc cir(*Lllati(}]l  {1.il(i  is the. ot)icctiw  of a future Venus mission.

(h~c Jmslu]atcd model for the cil lul;tli{)]l  \Jf the. iitllios[)h(;i~  of Venus (scbubcrl  1983)
appears in l:igurc 6. OJ~ Venus, LI1( :ti mtxpl  writ and sut-face tc.tl)l)cl:it(ltc.s  at the poles arc
very little different from thos~’ al [Iiu cql I; I1(II. Silm VctN]s  is a slowly rotating planet, the
transport of heat from cquatol  to ]mlr. is Iw]icvc.d [o invo]vc  a scrjcs of 1 ladlcy CCIIS.
liar] y balloon  flight cxpcrinlcl~ts  ill t Ilr V( iI us winds will bc nc.cdc.d to characterize the
parameters of the circulatioll 811(I w ~]1 JJ1 [ lvidc the knowlcdp,c  nccc,ssary 10 usc these
winds for global mobility in 1] lm L st,l)]lis[l~.atc(l  SL1l fa~~ lL,,col~]laissallcc  missions in the
deep atmosj)hcrc.
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Sofl landing of sckmcc payloads o]l ])l; IrII.’[ S:II  faces  js acl)icvcd t)y Iwans  of a
flexible and possibly robotic l:io(iitl{’, “~n.lkc’ [ctlmlc(i  below the vchic]c. As the
snake contacts the surfidcc,  it lt’li~’v(’s  IIIC }~(:llirlc of s[m]c of its S,iavjly  load. This
cnab]cs  the f,ondo]a  to “hover” iit {I f] x,. (I (ii:, !;il)cc.  a~~ii~  flo]l] ti~~  SI]IF~CC, wjthoul
jmpacting jt.

Nl@tiQQ.@Wol. and Missiol]  l’iiill ni~lg

Auton(~oL].s Stale }istimati~]l, A 11 [,UI  I)CWI [,i au IOIIOInous”  (:stil[la[c of posjtion  is nccdcd.—-. .—. .
for ali of the future acrobot  niiwio],  I;. ‘i’] I(.’ s Iatc vtiI iablcs that \wuld k cstirnatmi  include
position, allitudc, vclocjty, slid a)iyula]  w lt~city. Not all of timsc wjll bc nccdcd in a
given ac!obot mission and the acxut M :, I ~.(i~lircd  I nay vary frwn Itlission to mission. NY
ti]osc mission ccmccpts that do II()[ illcol  ~)i )1 atc MIVC al lit u(ic control an Autonomous
State 1 lstimator  (ASH) cnab]cs Ic.li I(~[[;- ,uIlsi 1 i{: ta{~cts of opimttuilit  y to bc identified from
an on-board priorjtizcd  tar~,ct  lis[  1 M IhI, )sc t]lissions  that have.  actiw al[itudc control and
the potcntjal for modifying, tll[> fii{’i]t pth i I i)rovid(.s ttic. csscmlial (iata for navigating a
desired fiigilt path. For those tllissi(vl’  illv(llvinj!,  lall(iin:,s, a(i(ii[ional  capabilities wjll bc
nccdcxi  for tlIc tcminal  dcscc]l( ph:i v:.
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Radio metric position and vclouit y I) IC;I SNIC II Icnts cari bc  made by observing the acrobot
r-adio signal from thcl;arth  orf’Io  III a ff)]lll]~[ll~ic:ttic)]l  relay orbiter.  ‘I’hcsc rncasurcmcnts
will not usually bc availah]c  contitluoa’,ly  ;:II d tl]c ILOSUIIS must bc comtnunicatcd to the
acrobot before they arc useful. ltl all(iitlflll, for rvdio ]im[ric mcasurcmcnts  made on
IIarth, there will bc a signific;ln(  (icl::y in )Ilc.asurclllcnt associated with the lound-trip
light time. According] y, an ASI;. ] (lyirl[’ 011 acrol)ol sensors, is lwccssaty for timely and
complctc information for targclin~ :tt)d lo fl ~j’,llt  path control.

On-board sensors could include. soliil  L)] sl:!.r  t( ackc.rs, surfiicc  iwiag,cus,  surface radar
range/lMpplcr .scnsors, rnagm:[ic  fIll(i S<’IIS JIs, aII(i  i IICI [ial scnsws.  ‘l’racking an orbiter
radio beacon from the acrobot (sill!  i Iaf i t I concc])t to llarth - bawd  (;l)S systems) to
dctcrminc  the acrobot’s  state val iablts,  is ;I]lotlmr  option. “J’hc.  sctIsoJs and associated
signal-processing c]cctronics JIIiI.Sf  ~)1’ (’o II I]);:c1 and J ~xluil-c  very low power in order to bc
accommodated on the acrobot.

output  of the ASE is provide.d m th( cf.}Jt[t  [J1lCJ  of the rc]l~otc.-sc[~si]~~,  payload which
cnab]cs  the acquisition of targv’ts  of ojll)ot” [tllli[y fIOIII a ptioritid  targ,ct set stored in the
acrobot  Jncnmry.

l~or VcJ~us missions, the clou~i  SIII oI,Idc L] atiliosjlhcrc  makes cclcstial  rcfcrcnccs
impractical, but surface rcfcr~’ncill~:  ii al[l:listivc. l]lla~ing  ill tllc itlfrarcd  region of the
spcctrLlnl  yic.]ds maps of sur(-acc l{h.lll~ K${ al [1 [ c that corrc]atc strong] y with altitude. ]t is
possib]c to match these (iata with a lm~.-  I [.w~lution  map of Venus to]mg,raphy obtained by
the Magc]lan  mission. Monitol  ill: III(  IiId I I Jnc(ric j)armclcrs  of a kimwn radio beacon
of an orbiter provides furlhcv  ilii”()]  Illiltioll  Illat call  bc. USC(I ill tlic velocity  cstirnator
process. Velocity lllcas~lrt’lllcll[s  ciil  I I IL. :Ii’(]llil  c.(I from f’] amt.-to-frame correlation of
rcpcatcd irnap,cs  as the acrobot  dl if[s tIv(.’r [IN: SUI face. For tmtll  l~lc:tsl]rcnlc]~ts,  gyro and
accc]cromctcr  mcasurcmcnts  of t hc r{)l + I i m 1 i 1 state of tlm acrobot  cal 1 bc used to establish
the orientation and pointing, of {11(s M: II WI.

}/or a h4ars ]nission,  the abscnsc of t] )~l(is III the at IILosphcl c. ]nakcs  cc]cstial  rcfcrcnccs
(Sun, stars) ~)ractical  althougl)  ihc (K:UIIII  tt~( ! of dus[ stoJms Jnay dcg,radc stc]lar visibility
during both day and night. ‘1’JIc  US(: of a sil)ip]c SUII “scxtan[”  sensor has merit. This
SCJISOJ idea is attractive b~~il(ls(.~  tlI( I()(il I ion of the acrobot call bc constrained by
measuring the elevation of the SUII ;it :+ k II OV.111  tinlc. A definitive. Imsitional  mcasurcmcnt
is feasible if the solar a~,irii~ltl)  c;+  II I)L II ILhLISUJC’.d  with ii slabk a~,inluthal rcfcrcncc.
Simultaneous mcasurcmcnts \vi[ll iiII i)lla[’ ITIg  sclisor during, tl]r. day could bc used to
dctcrminc vc.locitics  with a Silllili)l  i+])~!l L1; ICI  I 10 tl)at (iiscusscd  fo]  Vcl]us.

1/or ~’itan,  the Cassini missioli  is c~po,[l.d  [1) provid(. radar ma]]s sill iilar to those already
obtained for’ VeJIus by the M:i~(ll:{i]  I[liwil ~Ji. ]Iowc.vcr, tllcrlllal  ilnaging of altitude at
‘l’i[an by the acrolmt, is im]~lactical  (iLw [o tlic cxtrcJncly cold conditions. Radar
altimetry, visible imaging 01 “Sat[]J’Ii’  s’.nv)rs JIIay ])cJ’nlit  positional  JCfcrcncing  to t h e
radar map, but they have not I)(xv I s[ll(i  icil. !’clocity ]I]cast]r(;itlcilts  could bc acquired with
Doppler ra(lar  or with rcpca[cd  C(IJ lt’.liil(’~i  vi~{lal ilrla{’,in[:.

l;or outer planet missions, w’ill)  II( I SUJ ) ;ICC  ]cfc]cnccs  and JIO access  to cclcstial
rcfc.rcnccs, other scrlsing  a])]ll’oa(’ll(~i  i“l  C I tccdcd.  1 ;or[unatc]y,  all these planets have
strong magnetic ficlcls  offsc.t fri)ril 1] IC i t I (N:tl ion axes. ‘~’]]is shoLIl(l  cnat)]c rncasurcmcnts

of both latitude and longitude to 1}1’ II la[ir. wit}) useful prccisiot] as WC1l as providing the
a71inlulhal  orientation of the ar( obo[ ,SC nst)I ]~liitf(ml.

The prcccding  discussion of sc.Jlsot \ wiI< III i]nal  i] y in the coJllcx[ of F,lobal  positioning
and navigation. When ]andinj’ a(:] ot)fl[s  at {I[:sisila[cd landins,  sites, rcfcrcncc to detailed
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surface topography or ima~,ili[:  of [h{’  t :1 pet aria and its surrounding is nccdcd.
According] y, a rcfcmnccd dat:ibtisl.  w.1111  (i I K- loij(ir(i  in tlIc acIol)ot” prior to the terminal
dCSCCllt  phase.

R.QQUkM!Q?US_.&UQ&BXMd .S.CI:!W!  i!lltl .1 ‘(’1 ! f’plk!Jl..S?’WIl

onc of the C1’itica]  capabilities thai :111 ii(s) {)!I II wjll ]Mvc is dia[ of OJI- board ]ocali~,ation  of
Ihc ac.robot with respect to the I)liir](i, ;I 1: II() i’,’ledpc of tlm vculicai tilld  horizorrudl  acrobot
motion, and the dctcrmina[ion  ol tll~.’ at[i [ Ildc of the goIldol:i on which the various
scientific instruments may I)c liloulll~’(i, An ml-b~mr(i srIIsor an(i Iwrccption systcm
~,o~l](~ provide these capahi]i~i~,~ jrl SII{Ip(II [ of g,lol~a]  ll:]vi~,a[ion  a~ld path planning,
dcsccnt and landing opcratiotl~,  and s.i(.il~:. inslrunlcnt pointin~,- “J’hc systcm  basically
~JolllCi  answcl  the fo]]owillg  qllr,sli~~ll~  j 1011, the, I)oillt of Vjc,w of aIl fictitious observer
riding. on the acrobot:  where alo 1; ~~’lItrL al~i 1 soing,; and WIM1 a]n 1 looking at’! In order
for the. acrobot to dcvc]op  suci I aII ~t)]~ict s(::ldjnp, of its locatio]l  an(i orkntation,  it must
carry within  its on-board com])uu’.l  a ]l;.-J ,ItL.1 Iy of sm)sors a]lci state estimation algorithms:

1. Vertical Motion  I)ctS!i]]~l.!t]ti.ojl; ‘1 ‘hi. is a Kal tt]a.n flltcr vlich takes pressure and
vertical air-speed mcasurcmml~s,  COI) ~})ill(’s  I t msc witl] a lclativcly simp]c on-board model
of ti~c acrobot  up and down m{)tit}ll,  al Id TU t~(iucc.s a (wntinuous  csliinatc of how high the
ammbot  is with rcsprxt to a sc,k.c[c{i  ]1.j ~~1 ~iw,. ‘ altiludc.

2.. Platform At(itudc ll~icj:l[lillu.ti~ll,l ‘J’t ii< is a filkx which takes accclcromctcr  and
angu]ar  rate gyro mcasurcmmils, ct)rllllillt’s  tlmsc wi(ll  a sirnl)]c  ])iyll(illllll”ll-]ikc  model for
the platform attitude dynan)ics, iit[(i l)rod~lccs  co)liinuous csti][~atcs of the platform
altitu(ic  and its angular rates. “I”)lis  (Villll’li(ol”  is usrd to tli~g,c.r  the scicncc camera to
acquire scic]wc imag,cs at low-r;)t,t ]rl~ti~~)t!. aIId to acquir~~  navi~,a[ion images at nadir-

t\ll(lll; I ‘his fIi LCI takes accclcromctcr  and rate gym
f][d [Iillisla{ion  dytlatnics  II~odcl,  to propagate the
“t)l}ll(i’  con(iitiolm in which (iircct mcasurcrncnts of

: ‘[ “Iiis i ~ 2 flitcl which takes localimd  wind-models,
J(>ill[ill),  iliforjll:lliorl, in OIdCr to estimate the ground

trick velocity and position. ~lw illl~tpinp  iii{’(~rnlatiol~ is ml~ync]l[cd  by using the ;ncrtial
sensor predictions emerging ft on 1 tlIc il]..r[i::l  tratlslation  (ictcll~lill:ltio~~  process above, in
order to simplify and improve. IIIC w’(.1I  I +{ y {II” the I l.sultit]p,  p,r ouIId tmck cslimatc.

5. . _..MY&MtilM2Ikx  ; ‘I(I iII O} ,(ic ~,iobi+l  kllowlc{ig~  of the acrobot  location,
in a coordinate systcm attached [o tlu. ] t)t;itil  r[I, pla TI(:t surfiacc, an cs[imtitor that carries the
acrobot location as its prilnaly sI~i[<s~ ii t)lldcr (icvclop]ncnt. ‘J’his csimator  monitors
global events such as crossitl~’, O( IIIL: IICI 11-Ii I I;itor bc(wccn  night aIId day. Othcr type of
(iata could bc a dopplcr beacon ]M()( i IC fI t.m I U) I orl)itiilg satcliitc.  ‘1’hc.  global update could
also c.omc from an liard~-bfiscLi  \~l ,}1) a 1 )pJ ~ )ach, altlloug,h  this would impose additional
rcquircmcnts on the hardware to bc ~iii I i(.ci ( )11-tmard in order to pi ovidc  such a capability.

‘l&.i&al  $ccl~lh ‘1’hc typical scl’naj  i(~ in which aii of these cnpahilitics would work
together is as follows. “J’hc VCI iical nl(~til,)n  ~s(imato] woulci bc o]mratitlg,  all the time, and
woul(i thcrcforc bc operating at II)(’ s!) I a“I Icsi time scale. As the acmtmt (iips low into the
aimosphcrc as part of a deep os(:illiit  io;), Ih: vertical rstima~or tii~g,crs st:irt of the ground
imaging basc(i on the velocity csiill Iiit(. ‘1’1),’ incl (ial scnso] tittitu(ic and attitude rates arc
then used to trigger a scqucmc(’.  of ]lfivi}~i~[i~n  and scicmcc  inlaf,rs.  Ground track velocity
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cs(ima(cs  arc refined as the act obot ]Mw.s its lowest dcscc)It poitlt and begins climbin  up.
Ground imagery loses qualiiy, illl(l Itlc acI obot switches 10 a purc]y  incrlial nmans  of
determining its lateral posilioll. AS tl]i ilt~l (1] i)bot as{cnds,  sun-sensor data (if such data is
available) may bccomrc  moI c (iii (’(( it)na  I anti is used to cs[imatc  acrobot planetary
position. An orbiter beacons is cit[(x  [cd. ‘1 ‘he shajm of the (iojq]lcr flcqucncy  changes
from initial ticquisilion  of frcquctlfy t~~ I{WS ~)f-sif!,na]  colMI dins lhc aclohot position. ‘1’hc
terminator crossing provides siil~llal  inic)l]llatioll. 1,rror coval-ia.nccs  arc marked down,
and the filters arc rc-initialize.d. l’i(J’i(lus data is Iun “backward” through a data
smoolhing  algorithm in order to It:llt w CiII li~ i posiliolj Minlatcs.

Such a scenario, while rc]ativcly  ca<y IO dc,~{rib(~, pI ~.xmts sigi)ificallt  technical
challenges. I’hc single major Ctli)ll~]]\(.’  i\ d ~1(’.  to the. tlnccriainty  in ttlc global motion of
the acrobot as it moves over tlw  pla IN’I  sI,Id:I.v. (In-lward ~nodc]s for acrobot motion and
for wind arc likely to bc accuriim  oIIly  wi(lIi II a n-~lativcly s])(w[  sjmtial  scale. l’hc error
covariancc of the acrobot  posi[ion  t.s[i II)a ICS il~~ likely to ~Iow rapid] y, in the ab.scnce of
direct mcasurcmcnt  clata of tl](’ ii(’~~)t)(}:,  llosi  iil m. On the ot}lcr hand, such direct estimates
arc not easy to acquire.

Wlc c%mtro]  and NavigtLt  i~ql. AI I (MI b ~ol d Alti [MIc. C’on(~ol  and Navigation (ACN)
systcm guides the acrohot to a (icsilt d 10C ,i[ion above or at tlw p]anc(ary  surface. “1’hc
ACN systcm rcccivcs the loca~io~l  of:1 (i(.si I ~Ki tar~c[ cx])rcsscd in latitude, long, itudc, and
altitu(ic cooldinatcs  from a P,roul)(l  s[atioli {)1] l;arlh.

‘1’his target-site-location inforjl  ]a[iol] i~ III ()( tsscd by a global tt aicctory  generator (GTG),
which predicts a fiig,ht path tllal t}lc ii(’t  ~d),  )t must achicvc in oJdcr to g,ct to the desired
terminal dcsccnt entry corlidol atlit  ft,:]l(’]  ~ I(S a c(uilmand list fo] the altitude controller
that is designed to realize ~llis j“)ipll{ p: ItlI. ‘1’hc G’l”G uscs a simp]ificd  on-board
atmospheric mode] based on the tws[ :t~’fi)  I :ible. il~f{mnation  (g,lotml  circulation model)
about prevailing wind conditi{)l)s a[ v;ii  io~l\ alti[udcs  and a. model of the rcvcrsiblc-fluid
altitLdc-ccmlrol  systcm. Olhcr ill])[l[< I( 1 11~’ (.I’1’G al c thm modyl~anlic.  parameters of the
ambicn(  atmosphere and the a.l{it ud(m ct,MIIrI)l  sysim from on-boat  (i sensors and the initial
location and velocity of the aci olm[ fl \)lI ~ [Ii ASI i

lncvitab]c uncertainties in the willtl  n ,o[icl II Ican thilt the. prmiickxi  flight path will have
significant  unccrlaintics.  “J’hc A(:N s\JS~Lm[[l (:on)])ai  M the prcdictcd  flig,ht  path with the
actual fligi~t  path from the ASI; all(i, J<})( ti dcviat  ions cxcccxi  a prescribed threshold,
issues commands to the fli~,ilt  cot){!  ~ lit] [t.) updat(. tbc fii~,ht path so that the acrobot
achicvcs its targ,ctcd dcstinatioti. (‘hat l~,t..s [I) the ]m)fi]c wili not bc ma(ic continual] y but
only at a smali number of disc lch: ]millts  YII (IIC tr~i~cclory.

An altitude contro]]cr is at the COIC  of IL]ll’.  ()\ LbI’all alti[udc  control and navigation systems.
control  in altitude is csscn~ial to a:.ilicv,’  con[loi]c(t  tra~c.ctorics  over the planetary
surface. Scnlicontrollcd  movcllwnt  ioIc.I i~.i lo the ul~control]cd flight  pa[h is achicvcd  by
combining altitude control wi[h kl~t~v~”l~.xi~,c (}f the wjild ciircctiol]  as a function of altitude.
Results discussed earlier sugs,r.si  tila[ (.LI] V(tlus, for cxatnp]c,  the circulation is inherently
more prcdictab]c than that of tlw 1 An Ii. i l(~t~~c,vm, IIIC win(i  mo(icls  will inevitably have
significant errors, and the accul ~r~ (){ [h~ ] ~ <ultiti[l  acrobot  trti~cctory  will dcgmdc as it is
projcctcd  further into the fut ul~o.

Acrobot navigation is a very {iiffrrl]lt  {.1,~ w i li g,ui(ial~cc-  all(i-conirol  j)roblcm than is faced
by the navigator of a spacc~lilft  vII() (i~i{ls  with l}igllly  dc.tc.rminis[ic  gravitational effects
and W C]] defined control im]~ulscs.  1 o! [u] ia[c]y, tllc acrobot wili have more than one
opportunity to perform the lIIa IIL. U\ ~~1 IIL, (icd to view targets ot to reach a terminal
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dcsccnt rcgicm. %vcral  ci]cllil)]i;+ti{~[i[)]]  ~tajcciolics  may,  bc ncccssary  to gradual ly
rcducc the tra@tory  m-m-s and ](’ii(’11 [h,’ d sip,na[fxi  dcstinrt~lon.

While the goal of con{rollilll’,  IIJC It ti ic~tol >1 aIIti  l:il~ding  location of a lighter-than-air
vchiclc.  is challenging, a pro]llisi[l[’, 1~111.~c{i.tlt cxis[s in tctrcstlial  tclcopcratcd  balloon
cxpcritncnts  in the 1960’s v’liicl}  hfi f’c u<.YI hcJiulll vent inf, and ballast dropping for
altitude control. I’hcsc cxpcr’inlcllls v. (IV L Ji lotivatcd  by atInosJdJcI  ic .scicntists intcrcstcd
in examining mm-c than onc v~~riit.al :i”lit:~ throup,tl  the attnosldmrc and by cnginccrs
intcrcstcd  in using balloons as missil~. I,a I I!I’IS.  (( iil(i[:nbwg, 19“/(1).

kh~lmcmtions.  ]n this sc(:[iotl , :+cf~)t~~t  capabilitim arc cxtit]lincd  that can cnhancc
the exploration potential and tlIc. scictl[ if IC rl[ uln fl OIII a mission.

1.) observing ‘1’argcts of oplwrtLIII{  [y A c, )nvcritiol]al  planetary ballool]  mission, makes
observations that arc csscntiall y Ii{ IILiI )11 I a I,~IIg a poorly know]l fii@~t path. An acrobot,
equipped with a basic capabili(~  jt)l i~tli{)]lllnot~s  ]Iosition (ictc] JIlitlation, can provide a
major gain in balloon capability I)y twin~’  al 11~’ to otw.v’vc  targets of oplmrtunity.

As previously discussed, AS}’ out])[i[  CalI tm ]ll:idc  availab]c to the controller of the
remote-sensing payload, whi{:l]  :~1 s() II: \ :.,{-CSS  to the locatit)l~s  of H prioritized set of
targets of opportunity stored ill lIIc ii(~!  IL)lIol  Illain Inelllory. II) this way, scarce ciata-return
rcsourccs  (storage and tclccomll  lll]li{  fiI 1011\) arc’. 0111 y al]ocaic.d to the highest priority
targets travc.rscd by the acrobo[

l;vcn without an ability to [lli)ilj’(~ I-i I/1,11 patl], this mctho(i rcprcscnts  a substantial
incrcasc in capability over a corlv{’j][il)rl:ll  i):lljoon. It] the case t)f a free flight rcvcrsiblc
fluid balloon which cxccutcs cycl i(: :1 I[it ~t,lr  vaI i at i(m, an ad(iitional  condition for data
collection would be the altitu(ir at wjliull (iata arc acquired. lrnagcs from the lowest
points in the acrobot tra~c~tm y \~PotIl(i  i~.’ c} Iwchxi tt) bc of mucj] i~i~,hcr  quality than data
from higher altitude.

This ICVC1 of vchiclc contro] can also ix us Li to (ic]jloy  snlall itlstruiimnt  packages to the
surface of planets provided th(~ ci)fili~{  ill biloyatwy  t“tin bc acconlnm(iatcd  or even used in
lieu of a rcvcrsiblc altitude-colltto] systclll.

2.) Control of Flight Path: ‘1 ‘he. ~’,o;ll [)f I I ight ]mt II contm]  is to maneuver the acrobot
from its initial 3-1> atmospll[:lic  loc,l[io]l  [(J all a])]m)acll positiol]  where low-altitude
observations of a designated ta~ ~.x’t ( ,~1  I b{ con(iuc[cd  or lan(iill~,  operations can begin.
l>criodic  command and navi{’al  it)l 1 t) lNial( \ will bc. rcquirc(i.  }(or ])]anetary acrobots,
cotl~t~ltlllicatioi~s  arc possible t)]il~ v;ll:n [11( acm]mt is on the ncarsi(ie of the phmct unless
an orbital relay satellite is usc(i. 1 JL.11 tllll,  col~~lllullicatiolls”  Inay bc ]imitcd.  I/or a n
acrobot in the upper atmosplw  ~ v, i] I[i’, of venus 50-60” km altit mic, the }iar[h is out of
view for 3 to 4 days during cvi:ly (1 [~) X tia~ ~ “od)i[’i firoun(i lhc l)lanct.

“J’hc acrobot uscs a simp]c o]]. lm:iT (i v:i(i~i  1 mt[cl-11 ]llo(ic] for tr:ijcclory  generation. I’his
wind model is analogous to tllc VIIJ1 l,i tlt(t.lcl clllbc{idcci  in a convc.ntional  robot to map
obstac]cs. An acrobot’s  will(i ~JIIKi,l  calIIuIcs  plarmtary  wii](i behavior in terms of
prevailing wind directions, vin~i v~.lwiti(~  vcc[or (iircct~ons as a function of altitude,
vertical down/up drafts caustxi t~y v:il l(i { i} ( <sini~,  over the sur~~cc  caused by topography,
cloud-cover, and day/ni@t  i~lsola[io]t rll(.~dcls. ‘J’hcsc comprise relatively simple
compu(cr mcxicls suitab]c  for (m t)oiil{i IIW ,Itid wc ]Iot complcx  nlctcorologica]  models.

l]ata  from prior planetary missiotl~ , (..~I., ‘\ ’cnus (’(’I isp CI al., 1990),  provide a start for
s u c h  modc]s. Chal]cnging,  maIIt. u\c Is Itlclu(ic long long,  ilu(iirial traverse, equator
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crossing, and latituclc  chan~’,r.. llliti:ill~,  [lIcrc \;’ill  bc liil’F,C  unccrlaintics  i n  global
navigation. l;arly cfforls will thc]t.1’o](~ fo: ~ls on rcxwhing  rcgioljs  of fairly large size, or
of reaching targets of oppolluliity, illsll.vl[i of Iryillg to iichicvc  pin-point landing al
specific silts.

3.) Terminal Dcsccnt Stratc&y. 1 o] a Vcnli  i aclohot, kmninal  dc,sccnt  slarLs at a corridor
upwind of the desired landlllp, sit{.., I(}I \’1’nus, l~lcvious Vm]cra  and Pioneer Venus
probes have dctcrmincd a vm iical  p] ~lfl lc. it) wind s])ccd  rang,ing fl om about 100 m/s at
about 65 kni to near z,cro at thL: sur fiwi ((’! isp ct al, 199(}).  ‘I’l IC current unccriainty in
wind velocity profiles is about 2(Y1,

lJncontrollcd  dcsccnl  only lailds  III(  tt.}li.lc  solnc.where along,  i[s wind-driven path.
Controll ing ihc dcsccnt  rate all(~us IIIC t:~rgc.t  to bc ac}~icvcci,  provided wind and
thermodynamic profiles arc IIomill;il aII(l IIIC dr.scc]~t  staIt COII ido] is chosen correctly.
To land at the required tar~ci,  tlIc II( III I i i]il  I dcstxv)l rate is matched wilh the cxpcctcd
horimntal  wind velocity. A nl(~~c t+dli:tlccd a]]proach uscs on-board  sensors  to
iteratively estimate the likeliest lalldi~~~l  p,~ili[, aiid continually a(ljust the dcsccnt rate to
guide the vchiclc to the prcscl  il)c.d  si IC. “J Ilis iii~]t’iis~s h ]cliability of achieving the
target along the wind-drivcm patlI,  IIUI al w incrcii ~cs sys(cn) complexity. Controlled
dcsccnt  is parlicu]arly  chal]l:llgit]$  v,itlll lcvc.lsil)le-fJL]i(l  altitLldc cont ro l  s ince  the
mobility nwzhanism  availab]c  to IIN: r~)l~~)t  its it F.OCS down is mic- sided. The dcsccnt rate
can ml y bc made slower, not i astt.li.

Although more than 20 missiom lI;I\r~’. Ot)uI I I() VCIINS in the last 30 years, the cxp]oration
of this “sistcx-”  planet to Ear[l] is ,still in i[s IIlitial  stages. ‘J’hc ha I sh Venus cnviromncnt
has prcvcntcd any intensive. c.xp]o] atim~ ~,)f’ Ilu., SUI fac~,.  and deep atillospherc.  Venus is the
only planet which has been cx]~lo]  1x1 vi[l~  :! I oveliicll’s. It is an a[[i active target for future
acrobot missions bccausc of its httI s)l, hi~ll I) ICSSLIIC.,  IIi{:ll-t(’.j]]j)cratllrc.  environment. An
acrobot can enable many kinds of t~twi va I iotls which  I nay bc. inlpraciical to obtain by
any other means. Robotic b;lll(~(}])  w.llicl~’.s  may IIavc an jm]mr[an( role in the post-
Magcllan exploration era. A Vc.tlus ri)l)o[  i( ball(mtl or acrobot has been identified by
NASA as a high-priority candida(( l_oI IIIC I I(:xt ]Ilission to cxpl(wc the Vcnusian surface
and ]owcr atmosphere. 311c.  hijjt  SIII [ il(t. It- II)pcratu I cs (740 K) and ~nc.ssurcs  (95 bars)
arc a challcngc to space sys[c.IIJs tiII(l s.ci[’11(1’  instrulllcnts. ‘J’hcsc conditions also present
an opportunity to exploit [he c.ncl y) :1 viii Iab]c. froln the lar[:c tc.mpcI aturc diffcrcncc
bctwcm the surface and the uj)pc] a[ m[.wplwrc. VcIIus aclobots will usc the hot Venus
surface hca[ to evaporate fluid< 1(J f 111:1 IMIIL  Km on tlic sLIrfacc, thus assisting  ascent to the
cool upper atmosphere. The clvr{l~~jli~s  v ill tlw.tl Iw cooled  atld the balloon fluid will
condcnsc, allowing rc-dcscctl[  of [IJLS I):lllo  )1~ systcIII. A VcntIs ac.robot vchiclc spends
most of its life in the upper, C(X)ICJ :1(1 i)(lsplicic with frcqucvlt, s11o] t excursions near or to
the Venus surface for sciclllif~(  illv\’\li)’ilti (~11 S. ‘1’his  paper will dcscribc  Venus
acrobot/balloon mission and syslcll I CI.  IJ)~,qII  \ and Iht’. imporlanl  i[~cawrcmcnts  which can
be ma(ic from this ncw type ol low c(J’,[ lo]t/I life, i)i situ c.xploliition  whiclc.

Global radar mapping by tllc hflii~(llil I) s~)ij.~.~riif’[  lIaS ])lovidcd tllc first comprchcnsivc
assessment of the geologic ch;II  ac[i’t is[ i(s a I id cvolut ion of the Venus sLlrfacc, identifying
a wide rang,c  of volcanic fC2[llJ{’S aIId 1( ’., [o]lic ]a]ldfornls.  (JII }Larlh,  radar data arc
commonly combinccl  with cotnplcincl  11:11  y ~ltfol~nat  ion acquired it) the visual part of the
spectrum. “J’hc lack of the.sc da III I’(u VCII  LJS, alo]l~ with the. ]Iiodcratc.,  -100 m, spatial
resolution flom Magcllan, raist: n latl>  (~uc,[ions  rcrardinp,  the ~,c.olosy of the Vcnusian
surface and the intcrprctatio]l  ot” tllr \ adal Jiita. ‘1’}IC Vc.nusial]  a[mosphcrc and surface
tcmpcraturc  and pressure pow ll{ii[]lil~  thti I Ic.nf,es ~’or ima~,ing.  the SUI fiacc bccausc the
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dcnsit  y of the. atmosphere, couj~lcd  vi! 1} i{< wmstit  ucnts,  ]csttic(s the altitude at which
visible imaging is uscfu]. Acl(}t~(Jt il]iaj’il][’  twncc.pts arc bcinf, studied which can obtain
imaging in the near 11{ (0.9S to 1, J l]licltllls)  at hi~h altitu(ic.s, where the visibility is
rc,lativcl  y good at these walrc.lcrl~qll  Ii, atNl ill tl]c. visible pari of the spcctrurn (-0.7
microns) very near the surface (<5 kitt ~.

‘1’hc atmosplwric  composition of Vc]]ll  < :lIId (I1c natu[ 1: of sllrfacc.-attl~  osl~hcrc  intcracticms
remain as significant science i.$sucs, Wt. t(lt rcntly  )]tivc no inforl]latioll  on the chemical
composition of the atmosphm  ~. brlow ){) k 11 I altit ud{ where OVCI 80% of the atmospheric
mass resides. Scvcml  fundamcfi[a] sc ic.ll[i [ I( questions rclaiing, to atmosphere chemistry
and surface-atmosphere intcl act i~llls  c;{ n I)c acidrlsscd by. in situ mcasurcmcnts  by
suitab]  y insirumcntcd  acrobots i]l(dtl(li t,?, I ) What is the ]illnc]alo~,y of the surface? 2)
W}~at is the chemical composi[ioll  of” [II( lt)ww 20 kin of tllc atnlosphc,rc?  3) What is the
oxidation state of the surface’! 4) Wllal i$ the idcjltity  of the liigh dielectric materials
(metallic snows) present on hij;h (:.)(..\P;t(i(,IIs “ and 5) What is the IMturc of the sulfur cycle
that is rcsponsib]c  for the ~,lot)itl  cll)~l(l  ( i~vc] ‘! ltlslllltllclltalic)ll  concepts arc being
dcvclopcd for usc on acrobot~  vlli~)l  {,.ti 11 ]] ~i~k~ lilc~~urcnwnts  of” at mos])heric chemistry
in tbc lower 2.0 km.

Two big quc.stions  relating to the :~(III\ IS[)}IC I ;C sti uc{urc  of Vcmus arc 1) What causes the
supcrrotation  of the atmosphm  c’! a rld 2 ) \hJhat is tlw nat~~rc  of’ the Venus grccnhousc?
“1’hc atmospheric circulation in (Ill’ l(w1’~ J)() km is very impor[ant to the answering of
these questions. q’hcsc quc.stiol~s  ctitl  t)t’. a,i(lrcsscd by makin~, mcasurcmcnts  in lower
atmosphere of tcmpcraturc pr(]f’ilcs, w] iica  I and tl{wizonta]  winds,  and optical properties
like solar and 11{ fiuxcs.  1.OJlg-life i{(!]  I.)IK)IS can IIIakC  pmiodic and systematic soundings
from the 60 km to surface a[ a varictj’ [)f iatiludcs  and longi[udcs  an(i at different times of
the VCIIUS day in order to rnakl’ tjir.y::  i t illmr i:int rllt~asllrcl~~c~lts.

Mkmn-UgQ@mcnt  at Vcn!!s (’il.; V), All i] Ilxpc.nsiw: flight de.nlons[ration  of rcvcrsiblc-
fiuid altitude control, called }Ialloo II j [XJI.SI i)llc.nt  at Venus (JI}lV)  has bcxm dcvc.loped as a
possible piggyback to ~ NASA 1 }iw)\cI  y I ‘I o~ram  mission (lli(~icco  et al., 1995). ‘l”he
III;V flight demonstration woujd  I l’fIms [)11  ?~(}al”(ll~ali~atiorl  dcsi?,ns by charactcrixing the
robotic vchic]c and on-boardsc~lst~l ~.)] )(.I il ~ion, It would relay data acquired with a
mapping sensor directly to ltalili.

The BIN systcm is designed to IN’ a ]l:~ssiv~:, free-fli@t balloon which uscs ammonia as
the primary buoyant gas and wai(.1 :+s th( lcvclsil)lc fluid (o cv)ab]c altitude cycling.
l~igurc X illustrates the ~])~}ii~iotl j)tms~’  (II tbc balloon systcill  which could oscillate
in(icfinitc]y  from 60 km to 40 kn] o] l)i’]  lIal), as low as 20 km in altitudr.  depending upon
balloon cnvclopc material heat I psi.<{ ;IT,I.X.

-..w”_&tbfA This ac] obot w~.)llld  1 IIcorjwralc  all foul of tllc acrobot attributes
previously discus.scd. It would US(.: ml M]OI1  i JUS ntiviy,ation  and col]tro] to enable rcpcatcd
short observations of the VCJIUS SUI 1 {m,’ () ~’(:r long  tiut ation. ‘J ‘JIc. VC.JIUS Id ycr Robot
(VIW) would conduct remote-set lsitl~’,  f’i~ua I and infl arcd-imagin~  observations from the
middle atmosphere and make b] it.:{ c~.cursi,  J]lS to tt]c surface to sample the surface and
near-surface atmosphere usi~~:  a b,Ill(NJ;I  CIIVCIO1)C  capab]c.  of operating at those
tcmpcraturcs  (Yavrouian  ct. al., 199S I. “J ‘I I acllicvr  f,lobal ~~l:irle.~)vc.rability,  the WI<
wou]d cxploi[  its altitude-c.o)it ml (:a~~,Ib i lil~  is to access rc~:ions  of the atmosphere with
favorab]c  norlh-south  winds (C’u[ls c1 .a I , 1995). llsing autonomous navigation
capabilities and tbcsc win(is, \~ll{ c~luld  ltJovc. to j)a~tic~llar  site.s of interest to make
remote observations and to land
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“I”hc Vl~R would usc a water/alntliollifi l}i)c)) itt)cy sys[c.m siinilal 10 131W cxccpt that in the
cascof’V1~R  thcvaporix,ation of watci’ uwilld bccolltro]lcd. ‘J’lmsystctn  would cyclcat
h igh  allitudc until it senses IIIC il]~J)lo~lC])  10 a t;il~ctcd  laliclitlg,  site when the VIR’S
buoyancy control systcm would CUIIIi+iII  IIIC watt.t iII a prcssLIIc  VCSSCI allowing the
vchiclc  to dcsccnd to the swfac  i’o] s(ic.t~.(.  opcraticms. l;ig,olc.  Y dc.scribes a typical
opcralion  profile.

A Venus acrobot  has been i(ic]lt i fI((i by ;+ NASA scicncc  F,Ioup as a high-priority
candidate for the next mission  10 cx])l,JI~  III:  Vcllusian  surface. hlatit h40ns, a volcano 8
km above t}~c mean surface ICVC1 tilai, i< ahollt  60 K COOIC.I  than the mean surface
tcmpcrat urc, has been proposed tis :1 si kc t}f wicnt i fIc sif,ni ficfincc and accessibility.

Saturn’s largcs[ moon I’itan olbits (}~ltc  cv( I y 16 days tit an allitudc of about 1.2 million
kilometers above the atmospllcrc t~f lli I R 1 ii]}’~.(1, fyis ~lianl. ‘1’itan’s  dense nitrogen-wrganic
atmosphere makes it a uniquely illtci  l’~[ii 11?, i ltl.jc..t. With a dianlctcr of5150 km (bctwcm
the Moon and Mars in Size) il II I;IJ’  1(:.Sc’Ji”l~)]C the (ialilcan  Satc]]itcs, but its sUrfaCC is
hidden beneath organic ham  s~ls])c  1 Klcii it] a I litrog,ml  - nwthane atn~osphcrc  with a surface
pressure of 1.6 bar. (1’hc oll]y {)lI,cI J]ill(l~,(:ll-l):~S(’(1  atlnospllc]’1’,  is tl~at  of the liarth.)
(JI]y  about ] (]% of the sunlif!,ht OII ‘1 ‘Il:ttl  ri:ichcs tllc swfacc.  ‘1’itan’s tcmpcraturc  fal]s
off, from the “warm” 94 K foull[i  iii tllc surface, at -0.7 K/klI~ to about 73 K at the
tropopausc near 40 km. ‘1’hc atn~osj)hl  is \ lIy r.x[m~dcd,  with n scale height of about 20
km. ‘1’hc winds arc cxpcctcd  to bc li~lll at I(JW al[iltidcs (circa ]() Jn/s at 10 km altitude)
and flow in a zonal  (Ii-W) dir~:cliol}, I/c{ ~’i)t in]aj’.cs by Ihc. 11 ubblc  Space Tclcscopc
indicate that Titan has a val icd SUI iafw, ~mrhaps  with active rc.surfacing  processes
occurring, inc]uding  icc vo]uanislll, II ICll IaJIC  raillf’al],  ttJI(i poo]s  or lakes of ]iquid
hydrocarbons. Methane at ‘1’it:irl  vwut(l  act :,$ an analog, to water on ]iarth participating in
geothermal, erosive, mctcorolog,ical  :: I N I p] Iotochcnlical  p~ occssrs.  l~igurc Z illustrates
the environment of “1’itan.

Naturally, such an intriguinpj v’~~lld  ha~ Itc(]i vcd CI(W attention. l>cspitc a C]OSC flyby by
Voyager  1 in 198f), many mys{cl  ii’s ~ clllai i) as v~)yag,cr’s  c.amcras  eou]d not pcnctratc
‘1’itan’s  thick h a z e .  l]owcvct, Vo~ajI,cr d;i{ti  iildlcatcd  the  pmssurc  and tcmpcraturc
Strllctllrc of the atJll  OSph CrC. and id(”.ll[i(i~’d  II IaJly of ils Conslitlmnts.  ],aunchcd in ]997,
the Cassini ~nission will bcg,iTl  a 4 )’C.;it ~oI~I of tllc Satumian sys[cm when it arrives in
2004. ~assini  will greatly in~])l OV( olir k [It !wlmigc i)f tllc surfi~cc  of q’itan as WC]] as its
atmosphere. An ESA parac}~u[l:  lwi 1 IC d(sc( Itt p obc. called 1 luy~,cJls  will bc dropped into
Titan SOOI1 aflcr ~assini’s  art iva] 1 t) /,I]I;il)/~:  the ‘J ‘i tan atrnosj)hcrc and to image the
surface. ~assini  orbiter radal,  illf’]i{l~(l,  illtjt~ill~,  and other Icvnotc.  and  dirczt sensing
observations of ‘1’itan  will tm ctirI i(:(i (~11[ as WC]]  its I adio occult  fitio]ls on the many Titan
flybys CLJJTCJltly planned.

] ,ong-duration in-silu  cxp]oralio]l  by H ‘1 ‘il .!l] am obot offers lhr po.ssibi]ity  of grcatl  y
enhancing the scicncc return fIOIII  ( ‘awitli illvcstt[lctlt. in the. case of Titan, a rcvcrsiblc
fluid like argon is either a gas or a ]iq Llli([,  d[.:jm(iil)f on prcssurl;  aJld lcmpcraturc. This
phase change can bc used to c(nltl  o] Ilt(:. t~u(~yancy  01 a balloon systc.m. When the argon
is in the gas phase, the balltwl~  ]las z IOWCJ avc] tigc.  density than the surrounding
atmosphere thus providing a JIC[ ili(’ll;jst- ~’1 lift, (kmvcJ’sc]y,  whc.n the argon is in the
liquid phase, the balloon has a hi[~,lwl ;~ILSI  ::lW drnsi[y tlla.n the. S(JJ rounding atmosphere
thus providing a negative ]ift.

onc CXCitiJlg ncw mission cna~l]cd Jrilll l]~is t)uoyancy tccJmiquc  is a ~}a]]oon  ~XpCrimCnt
at yit~n  @ETA)  which could (ltili~(.  [tl~. (:; :ssini t(;l~.co]]]lllt]  ilic;+.ti(~r]  rc]ay capability in

1(1
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Saturn orbit by 2004. T’his ll~i,ssic)ll  ~~ollld  ctn])loy advancc(l  tc]crobotic,  materials,
l~~icrf~clcctl.oi~ics,  sensors and IItrt  II l;~l/tIl~:cll,ll~ic:il tcchno]ogics.  II H’1’A would bc the first
mohilc  in situ  vchiclc  to cxplwc III(’ pc[ ll~an(:ntly  shro~Idcd,  cryogcmic  surface and
atmosphere of Titan. l~igulc.  AA ill~)s(rtil{’s  a typical fli~,ht profile of BETA mission
which would usc argon as a rl~vci si Ilk flili(l  aIId helium for prinlary  buoyancy.

A ~’itan acrobot could make. a si~lliflualj[ ( ,)~~tribution  to tlm cxplol  ation of Titan by: 1)
characterizing surface moI]JIolo~,Y aI \ICI y hig]l I l:solution  Imlow the haze layer ancl
improving and extending the illkv 11~ t’.t;~tii,m  of g,round based, 1 IIlbblc Space ‘1’clcscopc and
(2issini  radar observations; Y) Irtal. ill} ]ow atmosphere chcmica]  composition
mcasurcmcnls;  sampling SU! fac(’ (1 I(juid & solid) chc]nis{l  y an(i “mineralogy” at
designated sites; 3) contributil~~’,  10 (h utid({ stamiin~’,  of g,lobal  a[niosphcrc  circulation by
Jllaki  Jl~ prccisc  wind speed nlc.a~ut”~rl l~;l!i  ~ and 4) pcJ”fol  n“lill~:  a g]ohal  inventory of
surface volatilcs (estimation of suriac{” liiy(:~ i t~g aIId [tic depth of ltikcs).

AJIIOIIg possib]c  CICJIICIItS i]i 11)(: s{:i,:]~i--c  pay]oad  i n c l u d e  a  Jlcphc]oInctcr/absorption
spcctromctcr  (to measure cloud  (}pa~i[y  a!ld mrth:~nc  abundal~cc)  using laser diodes,
imagcrs (operating in atmosplwric  u’il}dl)ws  in the nrzu - infrared) ]ooking, down (for wind
drift mcasurcmcnt  and mappiJlp,),  si(l~~~ii~s  (for to]m~,raphy) and upward (for navigation,
using the sun and Saturn), ad\~iill(t.(i  solid  s[atc  (ictl..~ttors  ({o Inctisurc  surface chemistry
and II{ propcrlics) and a simple I ii(iio  ;ilti  I ncI(’J/soundcI  to monilor  vcr[ical motions and to
investigate the surface.

lJntil rcccntly, the 1998 robotic cxl)c(litioll~ to Mals were. lo iilclude  a French/Russian
Mars ballmm  systcm. ‘l’his tmllw)ll llli~~ioll  has IIOW bccII caim.lcd  in the wake of the
collap.sc of the lJ. S./Russian joitl[  hlii~,~  ‘1 oj’l:lhcr  ac{ivity  for tlm 1998 Mars opportunity.
At the same time, pressure II:*s CO]llC It) Ixat oJ~ lh~>, 11. S Mars ]tx]~]oration ~rogranl to
keep it exciting by iJIC]UdiJ)g IIiissioll clr.lli~llts  tl)a[ arc challc]~}’,iil~  to the scientists and
cnginccrs  and engaging to the ]}l]l)!i(. ATnOJIp,  IIIC JICW, iJl[crcsting options being
investigated directly by the 11. S. ])lo}~ii(ttl aIi” Iobotic  I)alioons.

lJ~ general, balloons have hij!,h c~j)lo~  aI 1011 ]mtl:t~tial  inclu(iinr,  tlm ability 1 ) to survey
surface morphology at ultra hiy,ll I ~’s(ilu~ io~  I to obtain insi~hts into surface features and
proccsscs such as acolian  actiJity and \’olc21]ism, 2) to stai’ch f,loba]]  y for vo]ati]cs  such
as permafrost, 3) to make in ,vif/{ JII(,:iSII  ICI I Icnts of :Iobal  circulation, 4) to obtain high
spatial resolution 11< transects of SUI f;Icr (.LM nposititm  and thcrmophysical properties to
usc as “ground truth” for ~lol~iil  01 billl da~t,.  m]d 5) to dcp]oy very simp]c,  ]ightwcight
micro-packages at designated site.s a lOII\T  tlII flight path.

A low-cost Mars balloon missioJl atld sys(cj  II COIWC]I[ is hcillg stu(iicd at J1’1.  and ils state
of technical readiness is bcin:, clwl uti[t.:{i foI a possible lJ.S. h4ars balloon mission for the
2(XII mission opportunity. ‘J’his  IIlissii)]i  uotv.:cpi is (wnstlaincd to the usc of a IJclta-1.itc
]aunch vehicle,. ~’hc entry syslc.11  IS w, l~aw,i  on the IIardwarc CUI-I cJ~tl y being dcvclopcd
for the Mars Surveyor landcv in 1998 (’I ~)llmwlictitions to al]d from the Earlh is by
means of the Surveyor mbitc. )s u sillp, sysI1’Jns  dcvc]opcd to Iclay lander data .  Key
assumptions on the mission art: IIIL; ~I;t of 1 ) a co]lstallt (Icnsi[y  aititudc supcrprcssure
balloon systcm  without lan(ii]lg,  c::.i):lbiii i}, 2) a 1(1 kj: ~,olido]ti  with up to 3-4 kg of
scicncc. instruments, and 3) hi;ils IIO~ 11111 II hcInisphcrc.  CJ)II y and fright (the high
topog,raph  y of the southcrJ”l  IImi lisj~lir]  ~’ II Iakcs balloon dcp]o}’mcnt  and flight there
cxtrcmcly  difficult). A possii)ir.  lM)I(uI(l  f(II this tnission  cou](i “itlclu(ic  high resolution
imaging (1()- ?() cJn pcr pixc]), thr.1’li Ial CII  I is~i(m siw.c(roscopy  a[ ] ()() m spatia] rcso]ution,
and ncut ron spectroscopy to w a n:i I f o] SI I IN I I face W; I ICI.
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Asativancmip lanningcvolvcsfol  h4a\s('xjlltJlati( )t~,thcr  [)lcol`a  clfJl)otsis  bci1~gdcfiT~cd.
Iiuturc Mars missions arccxpcctt”d  to iri(l~ldc  lo]l~c~  ran~:clovc  tsarid  sample return
systems. When the surface knt)ull,(i~’c  1(.quircrilcnts  for landing f[om direct entry
trajectories and for long )aTIIJ,r i]~(li.])(.]l(i~’l~t  IOVCIS arc considcrcd,  high resolution
imaging (25 cm resolution) is IiiI?ll  o]k ttl~ list of prior i[ics. l~lon~ Mars orbit such
imaging is very difficult and cxlw II \i \c 10 ~~l~taiTl rl.qui]ing  laIg,(I  focal length telescopes
to bc placed in orbit about h~ars, 110111 ii Maw acrobot, sucli imagery can easily bc
obtained at 3-4 km altitude usinf,  s[a[c of-1111 . . . . ar[ ati(i incxpcnsivc  calncras.  Imagery from
long dumtion  Mars balloon lllissiolls  :+r( cc+ iain to iilclu(ic 1 cgions  of potential interest to
Mars exploration planners.

(SCAN IN NNX’J’ TWO F1[;III{.I:S)

A Jupiter 11{ Montgolfierc  Ac] oIN][ t (1 R hf A) concept coul(i usc the internal radiated
Jupiter 11{ flux to heat ambicl~[  attllos~  d)~:r~: that was collcctcd  u]mn initial descent. As in
the Jircneh 11< balloons on Hal Ih, tlt[. I /1(1 ialnt upwvll i]lg of heat woLIl(i balance the natural
convection cooling from tllc I>:tllo,.)tl, l<a(iiant  lIcat ~,ocs  as the fourth p o w e r  o f
tcmpcrat urc, and natural cm] vcct i(~]l  is pI ( )])(~r{io]]iil  to the. flls[ power of tcmpcraturc
(ii ffcrcncc. Natural convection j:,ocs  :IS the I/4 ]mi~rcr  of pressure, an(i is thus very little
affected at these pressures. Natulti’1  cotlicctioll  also goes altllost  as the inverse of
mo]ccular weight, and thus ii car] 1)1’ L:x [m [[’d to lx’ at ]cast 10 Iimcs higher for Jupiter’s
hydrogen/hcJium atmosphcr~’, il\ il is f{ II 1 k) III’S ail.

IR Montgolficrc balloons arc lwa[(xi t~)~ I i~(il;]l  i(m f] OIII below and coo]cd by convection to
the surroumiings. Assuming (a) t)lat arI Ii; Molllgolficrc  can capture 90% of the lower
radiant heat, (b) that a balloon c]llits [it} ia~liativc lwat to the uj)pcr, coo]cr atrnosphcrc,
and (c) that the Jovian atmoslllwrl’.  ]lidctul.  II wcighl is 2.257, WC. can calculate the si~c of
balloon that is necessary fo] nrltit  al i)u(j)ancy at any p]c.ssurc (altitude) for various
balloon film thicknesses (I;i~,urc ‘/), 1 l,a I I(M)II cnvc]o])c  Inaw is (Iilcctly  Iclatcd  to balloon
cnvclopc thickness.

Next, allowing for a 10-kS f,t~n(iol:i  [s(icii~x:.  irlstrulncl]ts)  an(i aII ad(iitional 5096 mass
above the balloon film mass (f(M su]ll)or[~,  catrlc.s, c.tc.), arl(i wc can calculate the total
mass of the balloon systcm ill tl)c rw(ltI ii) Iwoya.l)cy conditioii  as a function of pressure
(altitude) and balloon thicknc.,vi (1 ‘i~’,ur~  8). }kotn this graph,  it is clear that wc require a
thin balloon film (e.g., ().S rllil). ‘Jlc }(r~llch  flew a similar balloon design for their
cxpcri  mcnts.

(INSICRT FIG 7 & 8 FROM MA’l’rl’111c[!P4)

TWO “point (icsigns”  for Ju])itcl lIIfI  al c’(i hlonlgolficrc  Acrobots (IRMAs) have been
considered and arc shown in ‘1 ‘abic 4. Ail lwin~,  fh~ a 100% mass incrcasc for entry and
deployment system delivery ~nass, tiii total c.iit;y mmscs  al~. then 12,0 kg for 2-bar
flotation an(i about 68 kg for 4 ha] iloi{[:iiil  H). ‘1’hls latter IIunlbcl is about 14 times less
than a corrc.spondinfi  pure hcliulll  Iwl 1(.J()]J for .lupitl’r. ‘1’his diffw cncc in Jupiter entry
weight can r~~ducc  iat;ncll vchiutc  COSI
about $60M (I]clta 11 with Kick SI:{IIU  ],

I I 1111 alx;u[ $200 400h4 (Atlfis/Titan  C3ass) th
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‘1’ablc4.  l’N’{).lI]llit{l  11{h4A1’oil~tl)c.si~,lls

]>~sig[j
#l J #l?

‘4
270 200
28.6 19.9
12.5 1?.5

1() ] ()
59.5 34.1
120 68

();~ccf}nccpt  foraco~~trollal)lc  ltl]~iit’l lll{fi~,fi,  ist(Jlls:  scJ1~lct  yj~c(Jfba  ll(Jc)nhotgas
venting systcm, such as that usr.d t)~ h~)t air ~’lncr~,mwy dcsccnt  sys[cuns  here on Earlh.
‘l’his  could  bc accomplished by n Ir ;iIIs of a s:1 f-achlatcd  10UVCI c.o)itl-ol system that would
open at some cold tcmpcralur~’  :itid (:I(w al ;: spccifi( hot Ic.niJw.l alurc. Another
possibility is to usc a liquid cl ystal  filltl  uhit)t clIaII:Ls  its 1[< absorption propcrlics as a
function of applied vo]tagc. 1( I)latx’.{i (MI [t II uppcl  i~lsidc  surface, it could  bc u.scd to
control the amount of 10WCI atJuosj)h(:I  i( 11(’., I[ that is absorbed. (Jpwwxi and downward
mobility of 1 RMA could then ]U oduc~: clt:c{l i(al pow(yr by means of a witld turbine.

Small,  deep atmosphere prolws L{)IIII(I b( (iro])pe(i  from 1 i{ MA that reach down to
pressures of 500 bar or more. 1 )ai:i c(Iul(.i IIIcn bc tl ~tnstni[kxi  to ilm balloon and relayed
to an orbiting mother ship, whi(:ll  vi(~ltl(i, i r I u~n, tra]lsmit (iata ot] tcmpcraturc, pressure,
raciiation,  gas spccics, etc. 101 lat (II, i ‘II:LII  c I‘ iijuslrti(l:s  onc li{hd A concept for exploring
the deep atmosphere of Jupiter,



K. T. Neck
January 4, 1996

}Iccausc  the Venus high-altitu(ic tiITIlf)s)llNv~’. is silni]ar  (o the l;alih’s  i]) tcmpcraturc and
pressure, wc can dcmons[ratc  ] C.V(:I  si t)”lc. i I ~lid filtit udc control tcchno]ogy in our own
atmosphere. Bctwccn 1993 and 1995 \~J~s car 1 icd out a series of f]vc. flight demonstrations
of rcvcxsiblc  fluid control sys[cnis. ‘1 ‘IK’M Altit udc ~ontl o] }lxJ)crimcnt  (AI .1(W) tests
were performed with purc]y  passiw~ (i u;il.  b:illooII  systems using helium and Wcon R 114
(Neck, 1995).

]n the. Al .l~;li  pro@t,  a vcly sJtl:ill  (total systclii  IIlass <3 kp,) two-balloon systcm  is
being tested. The primary balloon is f i 11(:.d u’ith tm]ium aTld the [moyatlcy-contro]  balloon
is filled with a commercial rc(’lipc.[an[  ciill,,d  R 114, which is about 7 times heavier than
air. At 13ar(h atmospheric conditions, R 114 t)cconms a liquid a.bovc 4000 to 7(KIO meters
dcpcn(iing  on weather condi(ioils. A t~l]i(  al Al .1( ’}; balloon systcm  iilcludcs  a helium
balloon, radiosondc, and a R 114 buo)  a tlcy  coJ)tI 01 t)alloon.  Both l-ubbcr  latex and clear
polycthylcnc  hc]iutn  balloons hav( b~’.cll f I own, ‘I”tlc radiosonde.  is a slightly rnodificd
cmnrncrcial unit which pN)VjdL’S  aII X- ~.}lilntl(’l calmbility  for balloon tclc.mctry  in addition
to measuring normal pressure, alll[)ictli  tt’.lll~lcratulc,  and humidity. “1’hc.  R1 14 balloon or
bag (since it hangs from the systclll ) i< constr uctcd flom clear, ?-li-ril-thick, scatnlcss tube
of 3-fc.ct-wi(ic  lay-flat polyctllylcll~. fl III I, v l]ich  is IIcat scakd  to achicvc  the proper bag
configuration. In the most ] (x-m~[ f’1 i~!,tlt-s,  Ihc tmll(mn systcm is fully instrutncntcd  to
continuously monitor the tcmpcl at (II L:.. (II” tli.. hcliunl  gas and the. R114 M it changes from
a gas to a liquid. These tt:m])rI  aIIII (s arc mcosured by vcIy  small (14x20 roil)
tbcrmistors,  some of which al (. lM i r]hd WI II II: and arc jn pmtcctivc  gold -p]atcd cages to
rcducc the effect of solar radiiitiot] {J]] tl]~.. I(:I r]p~~~tu]{:  n~c.:islIlclll~:)~ts.

}ixtcnsivc  balloon pcrformantc  ntt){.ic  II i] l{:, }Ias been cal ricd out it] the Al JCI; Project in
order to characterize the thmunodyjlalt i i(s al ld acrod~tlamics  of tlm dual-balloon systcm in
a given environment (Wu alj(i  .lorIc\ 1995). ‘J’his modc]ing,  is basccl  upon cxtcnsivc
cxpcricncc  p,aincd in the NASA Su~c.ll[il”rc  Ilalloollirlg,  l>rog[am  (Nc.cd]cman  ct.al., 1993;
~arlson  ct.al., 1983).

“1’hc first two flights were lautlclwl dIII  i]i~, [IIC day and cmp]oycd  s[alldard 200 to 30()-g
rubber latex helium balloons. III 1)0111 fl i[?,ttt  $, t}m balloon ascent I atcs were seen to slow
at a higher-than-cxpcctcd col)dc)isi+tifln  iil[~  {udc. t lowcvcr, the balloons did not exhibit
oscillatory behavior. Ilxtclisivc  ballo, )II tliIi Jnodynami(:  and aerodynamic rnodcling  and
balloon cnvclopc tl~crl~l[~dyl~[itl~iu  ]HIIt~ rrlc.[(:{ tcstil]~,  sug,g,cs[c(l  scvcml  prob]cms  including
higher-than-cxpcctcd solar hcatitl}?  of [}): h.lium bal looI~ (ctiusirl[~,  greater lift). I’hc third
flight began after sunset in ol (k:] I( J b,:t  I{.] dccou])]c  ]r~odc] ptitalrlctcrs  relating to effects
of forced convection and dra~?,. ‘J’hii tl~il~,l  I_lir,  hl was identical to tllc first two flights
CXCC])l  that the balloon systmll v’:is  fII)l)! illsirul]o]tcd  to continuously monitor hcliutn
tcmpcraturc  and R] 14 tcm])~]a(u]”l..  as it (:1 Ia t l~!,cd  ldIaw frolrr g,as to liquid. Af[cr reaching
about 6500 m altitude, the ball(N)n d(sc ~st~dc(i as prcdictcd  by performance model
estimates until tclcmctry  wa..s l(~si H [ ilt)()~lt  ?,600  III when the balloon went below a
mountain mng,c as seen from the ] (xx’.i V(I SI ;{[iorr. Ru- ascc]d before impact was prcdictcd
to bc unlikc]y  for this flight 1).XWUK tlIc  cquilibliut[l  altitude durir]g, the winter was only
about 4000 Jn and the R] 14 hag, alit}  JIOI ill, (qmxtc  a heal cxcllall~,cr to facilitate liquid
boiling,.

“ l ’he  conf igura t ion  for  the  fout~]) titt(i fIl”Lh f]ig,ll[s is illus[tatc,d  in Fig. 3. T h i s
configuration had two ncw feat uf~.s, JI;i Ir IC1 \ a O. X-n Ii] clc,ar polycthylcnc hc]ium balloon
and an integrated heat cxchanj’,(:t  I)uill ill[o tl)c RI 14 ba: to facilitfitc.  fluid boiling at low

.’()
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altilu(ics.  ‘1’hcfiightof  thcfourdl  Jllis~itlit  ();c.urrls.(i ]Milnarily  al nig}lt.  ‘I’hc total ba l loon
systcm  mass was about 3 kg. l@uI t(~i]l)llc\,(.  cJs(.illati(~l~sb~  :[wcc.[15a 1i(19kt ~~i~}altitlldc
were rccorcicd  on the fourth  fli~:}lt. ‘I’tlc~r.~  ii{[a(l(~liiol~  stratc{i  ihc. basic principles of the
operation of rcvcrsiblc  fluid ballo[~ns  al l~i il I lowcxi ~is to n“ltike. ilnportant changes to the
balloon pcrfm-mancc  model to tm{f(.r  (N (>di,i  the I)cltaviol of fu[urc systcrns. one key
chang,c was the adjustment of balloon dl a/I coefficients to bc.[(rr corrcspon(l to flight
experience. Figure 4 shows IIW tiliwii}tl  pt~)filc frwll this fligl]t, l’he thin line is actual
data with the post-flight mo(ic]  fi[ siI(m,’11  M [i bold litw+ ‘1’hc bot[om altitude profile is the
topography under the groutid  t i iick, ‘1 I]C II II LiLilC  lillc shows cstilllatwi  updrafts and down
drafts durinf,  the fli~ht used in III(’ III~)[lL:l jI[. OIIr. corrlJ~lclc oscillation occurred after
sunrise. The “daylight” (xcjli;l[io]t  vw I; VCIJ (ii fficu]t to fit to the. ]rIo(icl without evoking
slron~ updrafts and/or uncertain  c.f[ (,CI o I (II wd laycls wc ktw,w to exist in the vicinity of
the balloon. “l”hc next s[cp was to f[y ii lmilooJ~, pmj)cr]y instrul[lcn[ed  for day flight, in
the daytime.
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ltig. 4. Actual vs (l)]] I]Ili[~.I Sl]ll  ul::II.d I )ata for the I @IIIh Al .lCI; Night

‘1’hc six(h fli#~t of this A1.1(’1~ c~l~lf  l~(lr;tl  ion oc.curmd on Sci)(c~l~bcr  30, ] 995. The
primary purpose of this fti@t  wa~, [, ~~ I(S[ it p] OI(JIYI>C  VC] (ical wind sped sensor and
compare its data with a analysis t)~ lIl)ii I tii 1~/do~{mcirafts  f] or-n force balance equations.
Wc arc currently in the procc.,w of’ ailiil>Iz.iIi{I, Al ICI L 6 data, howc,vcr it appears that the
vertical wind speed sensor pr.] (o] ~ i 1 cd fl [iv; I LO SSI y. 7 hc Iwhaviol of this balloon matched
the prelaunch predictions failly WL’11 v.itll  III I l’[lr~(l:~{~lr.~~tal  chan~~,c to the systcm other than
the addition of a wind spcc(i SCU)SO].

~ummmy~.f.  ~~~~-c~l(s  tmd I ~u[ lul \ I J i~!lls. Rcvci sib]c fluid al(itudc oscillations
have bcxm demonstrated for a I(.J1 ~’~f  ri.tl  Nil iron trmlt for a two balloon buoyancy systcm
using hcliunl  gas and RI 14 rl’vcrsit)lc f}llid ‘J’hc ]wrforinallcc  of’ the balloon systcm  has
been modeled for day and ni?,lll  (}j)~tlti~i(l~)s with lligllcr wwracy fol nigbttimc flights. A
prototype vertical wind speed SC]lS(V  1~::~ bun flowJl  and cval uatcd. A large number of
syslcJns  issues have bccJl studied ill atlclll]~[  to undcistand [Iw br.havior of this ncw c]ass
of planetary exploration sys[c.n~. 1 I. IIIIIC fligh[s will test advanced rcvcrsiblc  fluid
mixtures (such as X and Y) v’llicll  h:! }’( III( )]c fay’m ~iblc  avcra~,(. molecular weights and
thLJs higher potential buoyant{ ch;~i  I/It c:tp:illility  fol Ihc same ]jay]oad.  1.atcr flights will
also test prototype navigation ,scnsors 1’01 h! ;IIS all(i \’cnus application.

PlmluyAJQm!d.-.—

I’hc l’lanctary Acrobot Tcs[bcd ( )’A’I I v, HS conccivcd  to carry out proof-of-concept tests
for Ihc acrobot autonomous sla[c CSI illlalloll  (AS)i) and the autonomous control and
navigation (ACN) suhsystcliis  pl t’\’ioosl  y (ic.scj ibc(i. It builds ml the accomplishments
the series of AI.lCIL cxpcritll~~llis  CX!]l(IUC [(’d ovct the last two years that proved the
concept of using rcvcrsiblc fluids I{ L il~dl)ct’  ~ yclical  tiltitudc variations about  a stabilizing
altitude. ‘1’hc tcstbcd  includes Iwo p] 11)(’ir)i~  I subsys{r.ms: the am obot  vchiclc itself and a
workstation used for control and dis] )1:1 y,

;J;)
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PAT will primarily acldrcss tllc CII;I1  lcII~I,(’\  of am obot missions to platlcts  and satellites
wjth solid surfaces ----- Venus, h!ti[s, ‘J’l(an In (iclil(~r~sttatir~g  lhc ASI{ functions, it will
fly sotnc scnscws  and emulate othc)s Itwillusral)  atlval~cc(l  tc.]l(’strialrc  vcrsiblcfl~]id
systcm  proven in the A1,l(Yi ]Jt OIJ,J a~Il

Manctar v A~robot  l’cstbQI..\~Q.l  ).ic Iv. ‘1 ‘}lc 1’Al’ vclliclc,  (l~ig,ulc  10) uses two attac.hcd
balloons: hc]ium in onc provjdcs ]tIos[ of IIIC buoyal)cy,  v’llilc H sccm]d, srnallcr balloon,
provides altitude control by L]silJ~I  a 11 vt~t siblc. fluid sclcctcd as dcscribcd earlier for
A1.l(Xi  Several rcvcrsib]c  flui(.is aI I; lmsfi blc  fm usc o~l litit th, each with a different
condensation equilibrium alt i[ udc A ~liixlllrc  Of X aild Y fluids, with a condensation
al[itudc of about 10 km, ckq~(’.tidit]~ (IrI ,~il~ori,  is a suitable fluid. With an appropriate
amount of mvcrsib]c  fluid, IIN: vl.hi(lc os.illatcs  (ihut the cquilibrjum altitude of the
fluid. These oscillations arc “fo) txxl” by the c.va]mration  of t hc fluid at low altitude,
which incrcascs buoyancy and cii IIw.Is  tlIv tI, Il IO(MI s)stcin to rise. and by the condensation
of the fluid at high altitude, whicl)  J L“(l m.t:s t )l]oyancy,  allowing, g,lavity to pull the system
(1owI). l;or  the hcliunl/fluid  systciil,  (hc itill])li(ll(lc  of this oscillation is cxpcctcd to bc
about 4 or 5 km.

? {
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FigLlrC 10. l’laIIc(;iIJI  AI,*I  o’~ot ‘1’cslb.:d  }~chiclc  Syslctn

‘1’o dcsccnd, the liquid condcnsi  n~, i~l t IN c(,ld ujjpcl IIalf of thr fi.l~itudc cycle is trapped
inside a small pressure VCSSCI t I)us (.1 ~..,:ti  l)p, I Icgativc lift. ‘1’hc systcm then dcsccnds into
warmer ]owcr altitudes, and c~ctlt u;{] l} s!.1[1,’K 0]1 the sulfacc.. A landinf, “snake” keeps
the gon(io]a  hovering off the SUT ftiti’.. A! au y point  ill a dc.sccni, valves can bc opened to
allow the now super-heated liqui(l (U hoi I ii tId rcillflatc  the small,  buoyancy-controlled
balloon. With a net positive 1 i{(, IIIC. :;) SICI I I goc.s II]) to IIIC cooler upper altitudes and
resumes oscillation about the cquili  bI I ILII I I al litudc. II is this VCI (ical control, combined
with a varied  and rich wind structLII  (’, IIIa I C, I II cnahk loJ~g,  term, cyclic operations to and
from ]andjng,  shcs oJl I~arth.

‘l’he entire PA’J’ vchiclc mass is c.xjx.(wd to }~r about 25 kg, (lcpmding, upon the dcgrcc  of
autonomy incorporated, cfficiclry of tllc }Ical cxchan{’cr systcm atid the buoyancy control
lnargin carried. The  gondola syst(v in(:l lldcs a I cmotc,l y operated or autonomous
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controller> f]i@lt  tdcmct]’y SLlbS~Sti’Dl, (;]obal }’ositioning, Systcm (GPS) r e c e i v e r ,
geosynchronous satellite-c(J]] lrii~]t]l(ati(, rls sl]bsystctn, }kxlcral  Aviatio]] Administration
(I~AA) t r a n s p o n d e r ,  rc(iul)dallt  l)all(~on cl,~-dow~~  stlt)syst~,m  con~r~]]er,
stlllctllrc/insulatio~~  and bat[m its. ‘1 ‘Ilc ] t’.Jllsit)lc-fl~iicl  l-mat cxclmngcr systcm  includes
valves, actuators, heat cxchan~’,cl  f’] lls, H. ~1’.s t voir, :i])d plumb ing,.

The I’AT vchic]c also has a navi~ii!i(ln itli,l .scnsory pcrccptiojl  complement and an on-
board controller/conlputcr. 1’A’1’ o]rt ales in two ]l)odcs: Icici obotic control in which
commands from a workstation alt..  ustxl I() opcra~c  the tiltitu(ic control systcrn  and
autonomous control in which tlmsr c(}lt  I tt ia] Ids arc issued by the vcl]iclc cornputcr based
upon real-time sensory pm (:c.l)lioll  of t IIC. bfilloorr tl~cll~~otlyj}anlic  state, ambient
atmospheric conditions, and the dc’.siict]  :Ictions$  i, c., landing  at a (icsircd site.

lnilially, many of the, ASE and A(’N l’ul,cIt,l))s  will actually bc irlip]cmcnted  in the PAT
workstation. These functions wil I I)c n t ifj ,~tcd to tllc PA’J’ vchic]c  as its computational
capabilities arc upgraded.

l’A”J’ Workstation. The PA’J’ wolk~talioll  v ill bc at)lc lo display commands and vchiclc
status and will support the AS) ~~ al]tl  A(; N functions at hi~h rates. ~omplcmcntary
functions pcrformc(i on the. acl OIK}L  ~cllicl~ will in(wqmrtitc  faster-than-real-time flight
dynamics models of acrobot Ilig,ll[ l~ittl~s. ‘1’hc vwikstation  wj]l  bc used in the initial
tc]copcration  phase to disp]ay  t II(’ a(IIIiil  Imltoon  II aic.ctt)ry  ail(i predicted tra~cctorics
based upon various control sccn;tl i t~s, VC t [ ical pri)f~lc.s and views of planned balloon
ground tracks will be gcncratcd,

hfiaMMmLf@!kzE&l)s)!  $

A research program is pms(])tly  uIId(t wJy at JJ’1, to evaluate the usc of infrared
Montgo]ficrc balloon tcchrmlog,y f[)i lIM in [hc ou[ct gas planet atmospheres. There arc
three prime ob~cctives to be acu)i)il~lisl)c(i  (ii IT inf, tlic course of this rc..scal-ch:

_udclin&!. J3ctailcd  tl]~)]ltiil  ]rn~)dc Is will bu prc.ptircd  to prcdicl performance in
the Jowan  atmosphere. Thcw:.  n I(dcl \ wi I I bc. up(iatcd  with data as rcccivcd from the
Galileo probe in IXzcmbcr  1995, .I1)J lIas ;tl[cady  been cngag,c,d  jn thermal modc]ing  of
balloons [3], and wc have siyllifi~t~l)ll~  a~lvanccxi  the state of the art with the highly
succcssfu]  Al .IC% balloon series. IM()(hf]cati()ns to modeling, will bc ncccssary  to
account for a much lower nl~)lc(.ula~ ~vci}’llt  pm,ssurc.,  greatly incrc.ascd  gravity, and
anticipatc,d  significant variatiol]s  I)) Ilwr~Ilal  Itidiation ICVCIS.

}Ialloon Ma[crim Balloon matc~ials  will I)C cxan~ined and tcstcci in rc.~ard to selection
of envelope material, infrared absol b( [ (,0:][ ing,s, ant] r-cflcctor  coatings. Much work has
alrcad y been accomplished by the J [t.1 ICI I ill the evaluation of nlatcrial  for a terrestrial IR
Montgo]ficrc  balloon. ‘J’hc till;] III:+] oi )ti(’al j)ropcrtius  of t]ansl~iit[ancc,  rcficctancc, and
absorbance will be measured jr) Ihc vi~it IIC (solar) a)ld infrvrc(i  wave.]cng,ths for the most
promising materials. This infol ll~al i(}tl i \ valuiiblc for other potcniial  uses of the
materials, such as for the dcsjp,~l of sl)~[~~~litl  ( inslllittion,

Mechanisms. Mechanisms will t)r (’.x;!l]litl{(l  an(i tc.stcd  foI (icploylnmt,  initial fill, and
altitu(ic  control. A helium ball owl vtil i 1 i ff aI~ cJHp[y  Icthclvd  J R balloon to height. I’hc
lit balloon will then bc rcmolciy (iisco) I~ILSC[i  d, allowin~, it to (icsccn(i a.n(i infiatc through
an OpCII  porl in the bottom, silllilal tu ii 1 )ii~ii,llutc.  (J ?ig,LIIc  ] ()). ‘J”IIc bottom of the balloon
will bc supported in an open imsitioll,  ;IR III rccrc.alional  hot-air balloons, to allow for
changes in pressure as the I): II1oOII iIwcI)tl< and (ic,sccn(  is. 1 lot gtis will always be
maintained in the upper  pat [ of [h{ bai loon. ‘J’hc most ci~allcng,ing  part of the
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mechanisms area is @ dcsig,n a systl:.t  T I [lla~ will allow contt  o]lc.d awclits  and dcsccnts.
As previously discussed, amot~~’,  IIIC sJ.st[:.tI  \ to bc. stu(iicxt  arc a hot gas venting systcm
and an IR-var]ablc liquid crysf:tl f’11111 Ioytt UII the t)allo(m.

Balloon En@gpc Materials:  [KJ’lWAIId.1:~)
Ask Jovan Mocanin for a draft ctf IIis pa]j(t, 1’11 alwtracl  it h this section.

There arc a number of areas of tlml  iIIal  corIiI  1)1 that will require dcvclopmcnt  if a series of
balloon acrobots arc to successfi}l]y  C).[IIOJ’(’ the bodies ili this solar systcm  which have
atmospheres. In particular, the c.x[i  CIIII.. J‘s1 I hI! sh Icrnlmraturcs ard pmssurcs of the kNVCr
Vcnusian  atmosphere will ~ ((~uil  t: Ili[’ (!,,’\”c]()])II’IrIll  of ]ightwcighl  vacuum dcwar
technology thal maintains its in[cy[ iiy i]{ p[i,~sulr.s UIJ to X+ bars and tcmpcraturcs  up to
460° (:.

“l”hc inner payload must bc thcr mall~r iwl;lt(:~l  (1UI ir)g operation, but yet must bc suppmtcd
during atmosphere entry, whmc fol ~c.s ]) lii}~  k.mlm ar ily cxcecd  the 500 ICVCI. When thc
acrobot rises back to cooler tc]l)lw.1 ti[ui M in the. uppcI atmosphere, it must quickly reject
its heat by means of a thermal switt”b, t,l)C.}l ~t~ a ~:lal,ity lcfl~)x Ilr.;it ]Jipc, which is a small
hollow tube partially filled with a rl.fl i}I,CI tiIII fluid such as ammonia.

I/or acrobot  flights in the atl] Ios])}I(’r~. of” ‘1 ‘i tan, c.xtrcmcl  y cold tcmpcraturcs  must bc
cndurccl. Again, ]ightwci@l  ills~ll:illt)]l t, (:hniqtlcs  must bc dcvclopcd to allow the
internal C] CCtroni Cs tO O1)CratC  II(lill 1 I)(IIJI t(’1 I I l)Cratlll(’, with minilnunl  use. of radioisotope
heaters, while in an ambient tctrl~w  ii[w ~’ of :: I out  75 to 95 K.

“1’hc  lnfrarcd  Montgo]ficrc  Act ot~(~t { (’II< 1$14s) fol tbc ou[c.r  ~,a$ planets of Jupiter and
Saturn arc likely to operate nc:tl 01 SI ‘In ICM hat Imlow room tcli-rpc.raturc,  while those of
lJranus  and Neptune may lx’ lc(~uircfl  l!) operate in suhs[fintial]y  colder ambient
tcmpcraturcs from about 60 K and II 11’,1  I CI

(h]c way to gcncratc powc]  d~~t itl~ Ila II(N)II :lsccJ)Is  :ll~d dcsccnts is to usc a wind-turbine
type of power generator. AI] cxatlI~)l.  l,)f ilIc potwl[ial power that can trc gcncratcd by
such a systcln  has been calcul:[tc.d  f’ol r(;~l  f li@t (Iatit  attained itr the Al ,lCTi flight series,
as shown in l~igurc  4. I/or this J’cl y Slllilll { kg balloon systcm, tbc change in buoyancy
was only about ~-/- 3% (1UI in~’ asr( III tiII(j  dcscctlt. ‘I”hc resulting velocities were
approximately 1.3 m/see. up :JIKI [).7 IJ1/sc. dowlI. Power can bc cxprcsscd as “force”
times “velocity”, and thus the atrlourtt  ( )f ]m~sib]c  cncl gy g,c~wmttcd  by this flight was “net
buoyancy” times “balloon vertical \cl(~cils” ‘l’his value has bc..vl calculated and is shown
in I~igurc 6 for the Condilior) of a (’o 1111 IIi Ious nil’ht flig,ht  Wi(}J 110 bal]oon l e a k a g e .
integration and averaging of this c UI } [:. I ~’s,tlts in a Iobal possib]c  wind power (assuming
1 00% conversion) of 200 mw. 01 colltw the ad(icd drag of a. systcrn  to extract this
cncrg,y  will incrcasc systcm d 1 :ig, iii I(I ) I Nvr” II IC vcloci  1 y which will lower the total energy
avail ahlc.

,)(,
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Chditions for a real flight al Veil  us w(}uI(I bc 11101 c favorab]c than this terrestrial test
flight. IZx a Venus acrobot,  wc il~~ol]l:: i! IOMl mass of 30 kg and a variable buoyancy of
+/- 25%, since wc plan to usc r(!~’~’l  si t)l( fI (I ids for \~crIus which h~vc significant y low
molecular weight (such as wa[c]). W [tll a[n apploxill)ate  average. vcrlictil  velocity of 2.0
n~/see, this then converts to a tl,)tal ])t}s~.illlc  tlmrf,y of’40 wat(s f-w Venus cxmparcd to 200
mw for the tmcstrial analog.

Another place where wind tui I)inp, ]KW.JCI f(t]r.ration can be. applied is for outer planet
acrobots.  Developing tcchl]iql~l:s  10 Cl IaIISC :II)d mItIol the. buoyaTlcy  of lR Montgolficre
balloons a regular cycle of va{ i:lbll-  011 i t IIdC (iit) bc sustained. “1 ‘his contained variation in
al[itudc  can drive a wind driven  ])ORI(:I ~~.rl([ :~timl syslcm thus c]ltibling very very long
missions wiihin  the outer p]ail{:[ attllo~jdl~’.]  1~ ~~[h~~~]( the ncc(i  fol rtidioisotope  power
sourms.

{.’wI{ ILLS IOIIS.{,KTN.)

- Near term opportuliitics
● VCIIUS Discovery (lil~!r-tikt’ rikis~ions)

● lINTA - C.assini  co II IIec+io  I#
● Mars 2001

- long range possibili(ics
● VE’R moderate class  Itii\sit I It+

● Vertical mobility fi)I h~ iws w rot mt.s
● O.l]. lRM’s rcplacc  H( nmspl)cri( prohcs
● ~.ombincd Titan acrolwt v i{ II Saturn  IRM Mission  with dedicated

orbiter.

- Summary

.A(’ISI  IQ!’. l(x!g!lLQIlls

“l’he help of Dr. Matthew }lucIi  aiid I )1. [.ilr iln 01 (o]) (bolh J1’1,) is g,i ca.tl  y appreciated for
the calculation of infrared balloo]] si~.i tly, :it ICI of Jm{iictcd  ri+diallt  heat ICVCIS  in the
al mosphcrc  of Jupiter, rcspce{  i vL(Iy, A 1) I )
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